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Preface 
The construction of molecularly ordered nanomaterials has much attention for 
the development of novel function and property from the viewpoints of both basic 
chemistry and applications. In particular, nanoarchitectures composed of ordered silicate 
frameworks are applicable to various materials as catalysts and adsorbents. Various 
layered silicates and zeolites are basically prepared hydrothermally. However, the 
precise control of silicate frameworks by hydrothermal synthesis is limited, and we have 
not yet established a soft chemical methodology for the design of silicate nanostructures. 
New approaches for molecular-scale design and construction are essential for the 
nanomaterials with valuable functions and novel properties.  
The thesis is focused on the formation of new siloxane networks onto layered 
silicates by silylation with organosilanes. Layered silicates consist of stacked crystalline 
silicate sheets and they are interesting because they have two-dimensional nanospace. In 
addition, they are versatile starting materials for constructing new three-dimensional 
frameworks. They also contain Si–OH groups on the interlayer surfaces, which affords 
the ideal sites for grafting of organosilanes. The grafting with organosilanes on 
interlayer surfaces has been studied to form inorganic-organic nanohybrids. However, 
the precise control of such inorganic and organic moieties are impossible due to the 
unknown crystal structures and/or flexible structures. This thesis describes the 
formation of newly crystalline silica networks by the regular silylation of layered 
silicates. The concept is very novel, being different from previous studies, in the 
following points: 1) expectable crystalline structures by the soft-chemical process 2) 
tunable dimensions by the improvement of conditions. 
This thesis is composed of six chapters. In chapter 1, the crystalline structures of 
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various silicates are reviewed as well as the nanofabrication of layered silicates. The 
significance of the use of silicates as nanomaterials is also discussed. 
Chapter 2 describes the formation of a new crystalline silicate structure by grafting 
with dialkoxysilyl groups on a layered silicate octosilicate. The reaction of one 
silylating agent with two Si–OH groups was confirmed by 29Si MAS NMR spectra and 
XRD patterns. The resulting silicate structures were composed of new five-membered 
rings with high crystallinity. 
In chapter 3, the grafting of alkoxychlorosilyl groups on the interlayer surface of 
octosilicate in a controlled manner is presented. The grafted alkoxy groups were readily 
removed from interlayer surface by hydrolysis to leave SiO4 units in the interlayer space. 
The hydrolyzed sample with a mixture of DMSO/water had a new 2-d structure. On the 
other hand, the hydrolyzed sample with a mixture of acetone/water transformed into a 
new 3-d silicate network by condensation of newly formed interlayer Si–OH groups.  
Chapter 4 summarizes the extension of the above method described above to 
other layered silicate magadiite and kenyaite. The newly crystalline silicate structures 
were synthesized by the alkoxysilylation and hydrolysis. The hydrolyzed product 
derived from magadiite showed microporosity with high surface area. On the other hand, 
the condensation between layers did not occur in the hydrolyzed product from kenyaite.  
Chapter 5 treats a method different from other chapters. Layered silicate 
octosilicate was silylated by phenylene-bridged organosilane compounds to form novel 
inorganic-organic nanohybrids having micropores with BET surface area of 500 m2/g. 
The 1,4-bis(silyl)benzene groups were grafted in a controlled manner to form new 
crystalline organosilica structures by interlayer pillaring. Vertical interlayer pillaring of 
the groups was revealed by XRD and 29Si MAS NMR.  
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In chapter 6, the results presented in this thesis are summarized and the 
conclusions are briefly described with some discussion o the applicability of this new 
method and future perspectives. 
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1.1 Nanochemistry of silica materials 
Within the domain of silica materials, a large number of synthetic methodologies 
have been developed because silica materials constitute the basis of many branches of 
industry. Silica materials have achieved an outstanding significance as adsorbents, 
catalysts, catalyst supports, and ion exchangers.1) Fumed silica, silica gels, layered 
silicates, zeolites, and mesoporous silicas are currently the most common classes within 
this domain. 
Silica materials are divided into amorphous and crystalline substances. The 
amorphous silica substances include the polymeric silicic acids such as silica gel, 
aerosols, xerogels, fumed silicas, and porous glasses. The crystalline substances include 
zeolites1), crystalline silicic acids2), and dense silicas (quartz, cristobalite, and tridymite). 
Mesoporous silicas, which have a meso-scale ordering, are not truly crystalline 
materials because their silica walls are amorphous. 
This chapter summarizes nanochemisty of crystalline silica materials, in particular 
silicate structures and the nanofabrication of layered silica materials. 
 
1.2 Crystalline silicate structures 
Silicate materials are generally denoted in M2/n·xSiO2·yH2O (M stands for cation 
as protons, alkali, or alkali earths, n stands for their valency, x indicates number between 
0.25 and 40, and y indicates number between 0 and 20. Crystalline silicate structures are 
classified by their dimensional types as follows3):  
1) Zero dimensional structure (isolated groups of tetrahedra) 
2) One-dimensional infinite tetrahedral arrangements (chains, ribbons, and 
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tubes) 
3) Two-dimensional infinite tetrahedral arrangements (sheets or layers) 
4) Three-dimensional infinite tetrahedral arrangements (frameworks) 
These materials are also classified by the O/Si ratio and anion complex in the 
framework as shown in Table 1. In this thesis, the crystalline structures are focused as 
nanotectons to manipulate the nanostructures. 
 
Table 1.1 Classification of crystalline silicate structures. 
Dimension of  structure Silicate structure O/Si ratio Anion complex Oxygen bridging atoms 
0 Nesosilicate 4.0 [SiO4]4− 0 
 Double tetrasilicates 3.5 [Si2O7]6− 1 
 3-ring silicate 3.0 [Si3O9]6− 2 
1 Single chain silicate 3.0 [SiO3]2− 2 
 Double chain silicate 2.75 [Si4O11]6− 2 
2 Kanemite 2.5 [Si4O10]4− 3 
 Octosilicate 2.25 [Si8O18]4− 3.5 
 Magadiite 2.17 [Si12O26]4− 3.67 
 Kenyaite 2.1 [Si20O42]4− 3.8 
3 Framework silicate 2.0 [SiO2] 4 
 
1.2.1 Zero dimensional material (Siloxane oligomer) 
One of zero dimensional (0-d) materials is a monomeric silicate. The crystal 
structures composed of a minimum building unit ([SiO4]4− unit) are that of spurrite4, 5) 
(Ca5(SiO4)2CO3) and afwillite6) (Ca3(SiO3OH)2·2H2O), whose [SiO4]4− units are linked 
by Ca2+ ions (Fig. 1.1a). The dimeric [Si2O7]6− units known as tricalcium silicate7) and 
hemimorphite8) consist of two SiO4 tetrahedra with a shared corner; the Si–O–Si angle 
is 133 °.  
The other structure of the 0-d materials is ring silicates (cyclosilicates). The 
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minimum ring units are 3-membered rings (3MR) composed from [Si3O9]6− units. 
Pseudowollastonite is one of 3MR silicates, and the structure is consisted of plane 
triangles (Fig. 1.1b).9) Other ring structures are found in the 4- and 6-membered rings 
such as BaCuSi2O610, 11) and gerenite12). The fully planar 4-MR is found in the crystal 
structure of barium copper silicate (BaCuSi2O6) and CsSbO2SiO313). The chair- and 
boat-shaped 4-MR conformations are found in the crystal structures of papagoite14) 
(CaCuAlSi2O6(OH)3) and tugtupite15—17). The crystal structure of the chair-shaped 
4-MR is estimated to be more stable than that of the boat-shaped 4-MR. To the best of 
my knowledge, there are no examples of crystal structures containing 5-MR. However, 
6-MR have been observed in the crystal structures of gerenite12) and lovozerite18). 
 
Condensation of two rings forms a polysilicate cage such as hexameric and 
octameric cages. The hexameric cage of [Si6O15]6− has been observed in the crystal 
structure of [Ni(en)3]Si2O5·8.7H2O19) and (NEt4)Si6O15·57H2O20) (Fig. 1.2). The most 
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frequently studied unit of silicate cage is cubic octamer (Si8O128−) which is found in the 
crystal of (NMe4)Si8O20(OH)8·116H2O.21) However, the larger silicate cages such as 
decameric and dodecameric cage are not isolated due to less crystallinity. 
 
The construction using 0-d silicate materials was performed by octameric silicate 
cage. Mesoporous silica was synthesized by using octameric silicate cage.22) However, 
the mesoporous silica did not reflect perfectly the silicate cage due to its less stability of 
the silicate cage. 
 
1.2.2 One dimensional material (Siloxane chain) 
One-dimensional (1-d) silicate structures are generated by the linear linking of 
tetrahedron. The 1-d silicate structure containing single 2-repeat (zweier) unit is found 
in the crystal structure of Na2SiO3.23) The [Si2O6] chains are interlinked with sodium 
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cation in the coordination [NaO5]. The silicate structures with 3-repeat units are typical 
of wollastonite24) and pectolite25) (Fig. 1.3b), and those with 5- and 7-repeat units are 
typical of rhodonite26) and pyroxmangite26), repectively. New kinds of silicate chains 
with CsSbO(SiO3)227) and NaYSi2O628) are found to have single crankshaft (vierer) 
structure (Fig. 1.3c). 
 
The double silicate chains are also observed in the cystal structures of 
CsHSi2O529) and Mu-2930). CsHSi2O5 contains unbranched zweier double silicate chain. 
The [Si2O4(OH)−] chains run parallel [100]. Cesium cations providing additional 
linkage between the anionic ribbons reside in voids between the chains and coordinate 
to nine oxygen ligands. Mu-29 are composed of double crankshaft vierer silicate chains 
which are in strong interactions with hydrogen atoms and sodium cations. 
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1.2.3 Two dimensional material (Layered Silicate) 
Two-dimensional silicates mean a cross linking of [SiO4] tetrahedra in infinite 
layer structures. Silicates with predominantly two-dimensional cross linking of 
tetrahedral are classified into three groups. Layered silicate hydrates, disilicates and clay 
minerals differ in the repetitive binding element with in layers. The silicon oxygen 
tetrahedra within a sheet are connected by three bridging oxygen atoms. The fourth 
valency in clay minerals is saturated by foreign metal ions. In the case of layered silicate 
Chapter1 
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hydrates and disilicates, the fourth valency is saturated by foreign cations or Si–OH 
groups. Especially, the term of layered silicates is defined as layered structures 
established by only SiO2 frameworks. Therefore, clay minerals are not included in this 
category.  
Layered silicates are classified into two categories. Single layered silicates and 
multilayered silicates differ in the thickness of silicate layers. Various layered silicates 
are listed in Table 1.2. Single layered silicates are denoted as disilicates31), kanemite32), 
makatite33), and silinaite34). Multilayered silicates are octosilicate35), magadiite36), and 
kenyaite36). 
 
Table. 1.2 Structural properties of layered silicate. 
Type of layered silicate Name Composition Building ring structure 
Single layered silicate Kanemite NaHSi2O5·3H2O 6-MR 
 Makatite Na2H2Si4O10·4H2O 6-MR 
 Silinaite NaLiSi2O5·2H2O 6-MR 
 KHSi2O5 KHSi2O5 6-MR 
 Li2Si2O5 Li2Si2O5 6-MR 
 Rb2Si2O5 Rb2Si2O5 4-, 6-, 12-MR 
 K1.33Na0.67Si2O5 K1.33Na0.67Si2O5 4-, 6-, 8-MR 
 CsHSi3O7 CsHSi3O7 4-, 6-MR 
Multi-layered silicate Octosilicate Na8Si32O68·36H2O 4-, 5-, 8-MR 
 Magadiite Na2Si14O29·11H2O 5-, 6-MR 
 Kenyaite Na2Si22O45·10H2O 5-, 6-MR 
 HLS (NMe4)2Na2[Si10O20(OH)4]·5.53H2O 4-MR 
 AMH-3 Na8Sr8Si32O76·16H2O 4-, 8-MR 
 
1.2.3.1 Single layered silicate 
The crystal structure of kanemite was solved by direct method from powder 
diffraction data and subsequently refined by Reitveld technique.32) Kanemite is 
composed of 2-d linking of 6-MR. Solid-state 29Si NMR spectrum of kanemite indicates 
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only one Q3 environment [≡Si–OH/≡Si–O−].37) The Si–O− site of the layers alternately 
point up and down, and sodium ions are octahedrally coordinated by water molecules 
(Fig. 1.5). The structure takes orthorhombic space group Pbcn with cell parameters a = 
4.946 Ǻ, b = 20.510 Ǻ, and c = 7.277 Ǻ. 
 
The crystal structure of makatite is composed of 4- and 6MR.33) Interlayer sodium 
cations are coordinated to water and Si–O− groups. The 29Si NMR spectrum of makatite 
shows three Q3 sites due to the difference of binding with sodium cations.38) The 
structure is monoclinic space group P21/c with cell parameters a = 7.388 Ǻ, b = 18.094 
Ǻ, c = 9.523 Ǻ, and β = 90.64 °. The silicate structure of makatite differs in the 
undulation of the silicate layers in kanemite. 
The crystal structures of layered sodium disilicate (Na2Si2O5) are classified into 
nine groups (αΙ-, αΙΙ-, αΙΙΙ-, β-, γ-, δ-, ε-, κ-, and C-Na2Si2O5) to my best knowledge.39, 
40) These layered disilicates are synthesized by different conditions such as calcined or 
hydrothermal temperature. The crystal structure of α-Na2Si2O5 was determined by 
single crystal XRD.41) The silicate structure contains only 6-MR. The silicate structure 
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of δ-Na2Si2O5 was also composed of 6-MR. δ-Na2Si2O5 transforms into kanemite by 
hydration.42) Therefore, the silicate structure is almost comparable to that of kanemite. 
All of Na2Si2O5 are composed of 6-MR with slight differences of torsions, angles and 
distances of Si–O–Si frameworks, suggesting the 6-MR are relatively stable in the 
siloxane networks.  
 
The crystal structures of other layered disilicates such as Li2Si2O543), KHSi2O544), 
CsHSi2O545, 46), and Na2-xKxSi2O5 (x = 0—2)47) are also determined. Many of these 
compounds are composed of 6-MR. The 6-MR are the most common silica 
conformation found in phyllosilicates. Four main types of such ring systems can occur 
as illustrated in Fig. 1.6. Here silicon atoms are positioned on the corners of the 
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honeycomb network omitting the oxygen atoms connecting these atoms. The flat sheet 
shown in Fig. 1.6A is the one commonly encountered in micas. Folding this flat sheet 
along the dotted lines results in three types of corrugated sheets shown in Figs. 
1.6(B)-(D). In Fig. 1.6(B) all silica rings are in boat conformation, in Fig. 1.6(C) all 
rings form chairs and in Fig. 1.6(D) boats and chairs coexist. The sheet with all silica 
rings in chair conformation is the one encountered in Li2Si2O5. The Li2Si2O5 sheet is 
most puckered followed by that of α- and β-Na2Si2O5. This decrease in sheet puckering 
with higher mass alkalis is well known and discussed by Liebau. KHSi2O5 has a silica 
sheet with all silica rings in boat conformation as illustrated in Fig. 1.6(B), whereas 
mixed boat and chair conformations such as illustrated in Fig. 1.6(D) occur in high 
sanbornite, BaSi2O5.  
 
Another sheet topology consists of interconnected 4- and 8-MR in the crystal 
structures of Rb2Si2O5 and Cs2Si2O5.43) This coexistence of 4- and 8-MR systems is 
much rarer, occuring only in the mineral apophyllite albeit with a different topology. 
Moreover 4-, 6-, and 12-MR have been discovered in the crystal structure of 
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Cs1.33Li0.67Si2O5.43) A side view of this structure shows the strong deviation from what 
one usually encounters as a flat silica sheet. Here the silica sheet folds itself around the 
cesium atoms, the end of the cage being locked up by three-fold coordinated lithium 
atoms as illustrated in Fig. 1.7. The crystal structures with 4-,6-,8-MR and 4-,6-MR 
have been found in K1.33Na0.67Si2O5 and CsHSi3O7, respectively. 
 
1.2.3.2 Multi-layered silicate 
Octosilicate (Na8[Si32O64(OH8)·32H2O]) is one of structurally determined 
multi-layered silicates.35) The topology of octosilicate is unique. The basic unit is a [54] 
cage that consists of four 5-MR. This cage contains eight tetrahedral that are connected 
to four neighboring cages by eight oxygen bridge. The remaining silicon atoms carry the 
hydroxyl groups. The negative charges are compensated by sodium ions. The 
charge-balancing sodium ions reside in pockets formed by two silicate layers. They are 
octahedrally coordinated by oxygen atoms of layer and adsorbed water molecules (Fig. 
1.8). 
 
The other crystal structures determined precisely are helix layered silicate 
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(HLS)48, 49), RUB-1050), RUB-1551), and AMH-352). The crystal structure of HLS 
contains 4-MR. Four of 4-MR are bridged by one Si species to form the layered 
structure. However, thus far, no other structures of other multi-layered silicates have 
been solved, although the lattice dimensions have been reported. The crystal structures 
of magadiite and kenyaite have been proposed by using the silicate structure of makatite, 
but no structures are correct. Therefore, various analytical methods have been applied. 
From the XRD patterns of protonated layered silicates, the silicate layer of kenyaite is 
thicker than that of magadiite.53) The IR spectra of magadiite and kenyaite show the 
existences of 5- and 6-MR.54) The combination of IR and 1H NMR spectra indicate 
uneven silicate layers of magadiite with two types of Si–OH groups (Fig. 1.9).55) The 
confronting O—O distance of magadiite is estimated to be about 2.5 Ǻ by 1H NMR 
spectra, which is similar to the O—O distance of octosilicate.56) The information 
obtained by analytical and spectroscopic methods leads to a very close picture of 
different structural aspects and contributes to the understanding of the reaction behavior 
of the layered silicate. Nevertheless, the crystal structures of layered silicates remain 
elusive. 
 
1.2.4 Three dimensional material (Zeolite-like silicate) 
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Silicate zeolitic materials have attracted much attention for their potential 
applications by using ion conductivities. Several silicate structures with 3-D networks 
are found. Na2Si3O7 contains 4- and 12MR.57) The sodium ions are located in the 
12-MR. By heating at 300 °C, water molecules coordinated to sodium ions can be 
removed, and rehydration occurs when the dehydrated silicate is dispersed in water. 
During the dehydration and rehydration process, the porous structures of 12-MR were 
reversibly transformed (Fig. 1.10). This behavior is very rare for zeolite, although the 
layered silicates are usually observed. Other 3-d silicates such as RUB-29 with 8- and 
10-MR58), Mu-11 with 10-MR59), and K2Si2O5 with 14-MR60) have been developed. 
 
 
1.3 Nanofabrication using layered silicates 
Layered silicates are versatile scaffolds for construction of nanomaterials because 
the interlayer spaces and the crystalline structures provide systematic substances for 
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rational design. 
 
1.3.1 Intercalation 
“Intercalation” originally means the making a leap year by adding an extra day to 
a common year of 365 days. Thus, intercalation means insertion of guest molecules or 
ions into the host materials in the chemistry. The intercalation chemistry has been 
mainly focused on layered materials because they have much attention for constructing 
tailored nanomaterials. Layered materials are composed of expandable nanospaces 
sandwiched by infinite layers and possess inherently high surface areas. The expandable 
nanospaces and inherent high surface areas are applicable for nanoreactors and storage 
for various guest species. By adjusting the combination of guests and hosts, chemical 
and physical properties can be designed sophisticatedly. 
The intercalation compounds of layered silicates are classified into three groups 
according to the formation process: 
1) Exchange of interlayer cation with other inorganic/organic cations. 
2) Insertion by dipole-dipole or hydrogen-bonding interactions. 
3) Grafting with covalent bonding. 
 
1.3.1.1 Exchange of interlayer cation with other 
inorganic/organic cations 
Interlayer cations are exchanged with other inorganic cations (Li+, Na+, Mg2+, 
Ni2+, Cu2+).61) Sodium ions in magadiite are easily exchanged with Li+ and K+ ions, in 
spite of low reactivities with Cd2+, Cu2+, and Zn2+. The exchange of the sodium ions in 
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magadiite with calcium ions is complete after 2 hours at pH > 9.5 and 20°C.62) The pH 
value during the exchange reaction is an important factor because protons compete with 
the cations at pH < 7. Cation exchanged layered silicates show different properties such 
as adsorption of water. Lithium exchanged magadiite adsorbs a large amount of water 
molecules than those of heavy metal ion exchanged magadiites.63) 
The exchange with complex cations occurs from aqueous solutions. 
Hexamminecobalt(III) cations [Co(NH3)6]3+ were adsorbed into kanemite.64) The 
amount exchanged increased in the presence of hexadecyltrimethylammonium ions but 
still remained below the cation exchange capacity. Ion exchange reactions of 
[Pt(NH3)4]2+ ions with octosilicate provide a novel method for preparing 
silica-supported Pt nanoparticles by calcination.65) Tris-(2,2’-bipyridine) ruthenium(II) 
ions [Ru(bpy)3]2+ are exchanged by the displacement of the sodium ions of magadiite 
only in the presence of a crown ether.66) Thus, the exchange of [Ru(bpy)3]2+ occurred in 
two-step process, where crown ethers are first intercalated into the interlayer space of 
magadiite and complexes the sodium ions, which in turn are replaced by [Ru(bpy)3]2+ 
ions. 
 
Proton exchange of layered silicates was prepared for the formation of crystalline 
silicic acids. Protons are preferentially exchanged for the interlayer alkali ions of 
layered silicates. The thermodynamic equilibrium constants for the Na+/H+ exchange in 
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octosilicate (Kth = 81) and magadiite (Kth = 140) are much higher than for the Na+/K+ 
exchange (Kth ~0.1).67) The Na+/H+ exchange of layered silicates changes the 
hydration/dehydration behavior. The basal spacing of the fully hydrated kenyaite 
(sodium form) and the silicic acid is 1.97—1.99 nm. Air-drying reduced only the 
spacing of the silicic acid to 1.76 nm.53) The exchange of alkali metal ions in single 
layered silicate, such as Na2Si2O5, kanemite, and silinaite leads to the formation of 
phyllodisilicic acids. Depending on the starting layered silicates, the structure of 
phyllodisilicic acids was changed such as a H2Si2O5-I from α-Na2Si2O5 and H2Si2O5-III 
from kanemite.68) 
Similar to exchange with inorganic ions and protons, organic cations are also 
intercalated into layered silicates. Exchange reactions with cationic surfactants such as 
long-chain organic cations, are an easy way to change the interlayer character from 
hydrophilic to hydrophobic. Hydrophobization is an important process for tailoring 
adsorbents of organic molecules. Alkylpyridinium ions are quantitatively exchanged, 
and the basal spacings of the derivatives increased linearly with the number of alkyl 
chain carbon atoms.69) By the increment of d spacings, the alkyl chains are supposed to 
be arranged in bilayers tilted to the layers.  
The alkyltrimethylammonium derivatives behaved quite differently because the 
basal spacing increases only minimally with alkyl-chain length.69) The amount of 
exchanged organic cations decreases with the increase of alkyl-chain length. Whereas 
about 83% of the sodium ions were displaced by dodecyltrimethylammonium ions, only 
30% were displaced by hexadecyltrimethylammonium ions. The reason for this is not 
quite clear.  
The alkyltrimethylammonium derivatives of single layered silicates such as 
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kanemite and silinaite, are quite important for nanochemistry.70—73) These derivatives 
are not composed of layered structures, and transform into mesoporous silicas with a 
3-d silica structure. First mesoporous silica KSW-1 was prepared by the reaction of an 
aqueous solution of hexadecyltrimethylammonium ions.70) The layered structure of 
kanemite transformed into a hexagonal structure by the harmonic interaction between 
surfactants and layered kanemite when it was treated at higher pH and 70 °C 
(FSM-16).74) The calcined product to remove the surfactants showed the XRD patterns 
indicative to a hexagonal structure and high surface area of over 1000 m2/g and narrow 
pore distribution at ~2 nm. Mesoporous silicas from layered silicates show different 
properties from those of monomeric silicic species and zeolitic building units.75, 76) In 
particular, KSW-2 derived from hexadecyltrimethylammonium-kanemite by acid 
treatment, shows a tetragonal structure, characteristic of the layered nature.77) 
 
 
1.3.1.2 Insertion of guest molecules by dipole-dipole or 
hydrogen interactions 
Layered silicates and protonated layered silicates by acid treatment show the 
interaction ability with polar molecules. Various types of guests are intercalated: 
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short-chain fatty acid amides, urea and derivatives, S- and N-oxide, amines, aromatic 
bases, and alcohols.78) The silicate structures strongly depend on intercalating ability. 
Most reactive are the protonated silicic acid from potassium magadiite. The reactivity of 
guest molecules follows this order: alkylamines > N- and S-oxides > acid amides > 
various bases > urea derivatives > alcohols. To intercalate guest species into layers, they 
should possess high dipole moments: acid amides 3.6—3.8 Debye, dimethyl sulfoxide 4 
Debye, N, N’- dimethyl urea 4.8 Debye. Molecules with dipole moments less than 3.5 
Debye are usually not intercalated. The other requirement for the guest molecules is that 
they should have a sufficiently strong acceptor sites for hydrogen bonds, such as C=O 
and ≡N.79) Actually, nitriles, in spite of dipole moments of 4 Debye, are not directly 
intercalated. 
The driving force for intercalating amines is the acid-base reaction. The amines 
with pKB values of less than 9.4 are intercalated into layered silicates.80) Intercalated 
alkylamines form bilayers between silicate layers when the alkyl chains contain longer 
than five carbon atoms. The van der Waals interaction between alkyl chains decides the 
stability of the intercalation compounds. 
Alcohols are also intercalated into protonated layered silicates by the dispersion 
in an excess of alcohols.81) When short-chain alcohols with shoter than five carbon 
atoms are intercalated into layers, the alcohols arrange flat monolayers. Longer-chain 
alcohols in the interlayers arranged bilayer tilted to the layers. 
 
1.3.1.3 Grafting to interlayer surface 
The term grafting indicates the formation of covalent bonds between guest and 
host molecules. Typical is the silylation which is the reaction of Si–OH groups with 
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ailylating agents such as chlorosilanes, alkoxysilanes, and disilazanes. Silylation is 
described in the section 1.3.2, therefore, other reactions are described here. 
Esterification of layered silicate magadiite is performed by the reaction of 
n-alcohols with protonated or NMF modified magadiite.82) The esterification is the 
reaction of OH groups in alcohol/carboxylic acid with OH groups in the interlayer 
surface. Esterification has been reported in clay materials such as a kaolinite.83) The 
esterification of long alkyl-chain alcohols in clay materials needs an expansion of 
interlayer spaces. The esterification of layered silicate magadiite also needs interlayer 
expansion by the intercalating of NMF molecules except for methanol esterification. 
The esterificated layered silicates revealed high dispersability due to the hydrophobic 
nature. 
The other grafting method is the sol-gel reaction between layers. Protonated 
layered silicate react with tetraethoxysilane (TEOS) in the presence of alkylamines.84) 
After the intercalation of TEOS into the interlayer spaces, the hydrolysis and 
condensation of TEOS occur. Simultaneously, Si–OH groups on the interlayer surface 
react with TEOS to form Si–O–Si networks. As a relult, the interlayer spaces are 
pillared with silica networks. The alkylamine acts as the vacancies in the pillared 
structures by removal. This method is easily extended to other layered silicates and 
other monomeric metaloxides such as titanium alkoxide.85) However, these materials are 
composed of amorphous surfaces due to random reaction of monomeric species. 
 
1.3.2 Silylation 
Silylation is the most frequently used grafting of organic species onto silica 
surfaces. Typical silylation reaction is expressed as  
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≡Si–OH + XSiR3 → ≡Si–O–SiR3 + HX (X = Cl, OMe, OEt) 
The reactivities of silylating agents are different, depending on the X groups; Cl 
>> OMe > OEt. Various silica materials, such as silica gel and mesoporous silicas, are 
silylated with various silylating agents. Likewise, layered silicates are silylated by 
various silylating agents. 
Rojo and Ruis-Hitzky fistly reported silylation of layered silicate magadiite with 
trimethylchlorosilane.86) An intermediate (N-methylformamide magadiite intercalation 
compound) with an expanded interlayer space was silylated. The interlayer expansion is 
necessary to immobilize trimethylsilyl groups onto the interlayer surface. However, 
bulkier silylating agents such as a triethylchlorosilane or triphenylchlorosilane were not 
reacted with the interlayer surface Si–OH groups due to the lack of interlayer 
expansion.87) To overcome this problem, Yanagisawa et al. reported the use of 
alkyltrimethylammonium intercalated magadiite for various silylation reactions.88—90) 
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The alkyltrimethylammonium intercalated magadiite having a larger distance between 
layers, are adaptable to bulky silylating agents. During the reaction, most of 
dodecyltrimethylammonium ions were displaced by by-product HCl. The displacement 
of alkyltrimethylammonium ions can provide additional centers for silylation 
(Figure1.13).  
The bulkyier diphenylmethylchlorosilane reacted to layered silicates with a large 
amount of silylated groups.89) The silylation using long-chain alkyltrichlorosilanes 
constructed the unique interlayer surface by transformation of Si–Cl into Si–OH 
groups.91—94) The generated Si–OH groups act as hydrophilic site. Thus, the silylated 
derivatives with octyltrichlorosilane reveals an amphiphilic nature by the combination 
of hydrophobic portion for alkyl groups and hydrophilic portion for Si–OH groups. 
Actually, they adsorb n-alcohols within their interlayer spaces by increasing the basal 
spacing. The adsorbed amounts of n-alcohols increased with the decrease of the 
silylated amounts, which means that the precise design of interlayer spaces are 
important for the desired functions. 
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The organoalkoxysilanes also reacted with layered silicates. Organoalkoxysilanes 
offer a wide variety of organic species. Isoda et al. reported the grafting of 
γ-methacryloxypropyl group onto the interlayer surface of magadiite.95) These groups 
were polymerized with methylmethacrylate to form a polymer-layered silica 
nanocomposite. Other functional groups such as vinyl, aminopropyl, glycidoxypropyl, 
and azobenzene groups were reacted with layered silicates, resulting in the formation of 
functional nanohybrids.96—98) The reaction mechanism of organoalkoxysilanes was 
proposed the quite complicated compared to the silylation with organochlorosilane.95) 
Moreover, the reaction rate of organoalkoxysilanes is much lower than those of 
organochlorosilanes. 
 
The silylation of layered silicate kanemite was performed with 
alkyltrichlorosilanes and alkylmethyldichlorosilanes.99) When the silylating agents with 
long-alkyl chain were used, one silylating agents reacted with two Si–OH groups, 
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resulting in the formation of new 5-MR due to the hindrance of long-akyl chains. 
However, the silylated products have no crystallinity due to the low stability of the 
single silicate layers. 
 
1.3.3 Conversion to zeolites 
Tetrapropyl (TPA+) and tetrabutylammonium (TBA+) ions are well-known as 
structure-directing agents in zeolite synthesis. It is, therefore, not very surprising that 
layered silicates in the presence of these ions are transformed into zeolites. Magadiite 
and the corresponding silicic acids have been recrystallized in TPAOH and TBAOH to 
form ZSM-5 and ZSM-11, respectively.100—103) Metal doped in the silicate structure of 
magadiite were used as a starting material to form small metallic clusters due to the 
inhibition of aggregation of metals. 
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On the other hand, topotactic conversion of layered silicates is a rational process 
for construction of designed 3-d silica networks. Some of layered silicates such as 
MCM-22, FER, and octosilicate have been adopted to the topotactic conversion.104— 
However, these silica structures impose a limitation due to the connectivity of 
alternating layers. 
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Formation of a New Crystalline Silicate 
Structure by Grafting Dialkoxysilyl Groups 
on a Layered Octosilicate 
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2.1 Introduction 
Nanoarchitecture of ordered silicate frameworks is very important for many 
applications ranging from basic chemistry to practical applications such as catalysts and 
adsorbents. Layered polysilicates and zeolites with various structures are basically 
prepared hydrothermally and have been studied extensively.1 However, precise control 
of silicate frameworks by hydrothermal synthesis is limited because of thermodynamic 
restrictions. We have not yet acquired a soft chemical methodology for the design of 
silicate structures. Mesostructured silicas are mainly synthesized by supramolecular 
templating with various interactions with silicate species.2 However, such methods 
cannot provide any well-designed nanoarchitecture. Consequently, novel approaches 
should be surveyed to realize the design at a molecular level. Here we report the 
reaction of octosilicate with dialkoxydichlorosilanes to form a novel crystalline layered 
silicate. 
Layered polysilicates are ideal for this reaction because they are composed of 
two-dimensional crystalline silicate frameworks that can be used as starting substrates 
to be modified in various ways.3 The most appropriate layered polysilicate is layered 
octosilicate (Na8[Si32O64(OH)8·32H2O], Na-Oct).4 The crystal structure has recently 
been analyzed to have a layered silicate network composed of five-membered rings as 
the basic structural unit,5 as shown in Scheme 2.1(a). The layered structure is rigid in 
nature, the layer thickness being thicker than that of a single layered polysilicate 
kanemite. The distances among Si–OH and/or Si–O– sites arranged along one axis is 
different from that along the other axis. Consequently, we can expect that the bonding 
direction on the interlamellar surfaces is in a regular manner when silylating reagents 
are introduced to graft the interlamellar surfaces. Because of these characteristics, 
octosilicate is promising as the starting substrate for constructing novel silicate 
frameworks with high regularity. We have recently reported the reaction of kanemite 
with various alkylchlorosilanes, resulting in the formation of novel silica–organic 
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nanostructures with newly formed ring structures.6 However, because of both the 
flexibility of the single-layered structure of kanemite and high silanol density, it is 
difficult to create novel crystalline silicate framework. 
As the silylating reagent, we used dialkoxydichlorosilane ((RO)2SiCl2, R = 
alkyl). Although both Si–OR and Si–Cl groups are reactive, the reaction rates are very 
different; the reaction rate of Si–Cl groups is much higher than that of Si–OR groups. 
By utilizing the different rates, dialkoxysilyl groups can be grafted onto octosilicate, as 
schematically shown in Scheme 2.1. Up to now, there have been no reports on the 
design of the silicate framework at a molecular level by a soft chemistry process. Also, 
the silylated products can be regarded as a planar polymer of silicon alkoxide. In other 
words, the well-arranged alkoxyl groups can be hydrolyzed and the formed silanol 
groups can condense to form novel purely silica-based materials.  
 
2.2 Experimental procedure 
Materials 
 Na-Oct was prepared from a suspension of the mixture composed of 
SiO2:NaOH:H2O = 4:1:25.8. The mixture was hydrothermally treated in a Teflon-lined 
sealed vessel at 100 °C for 4 weeks. Dialkoxydichlorosilanes were synthesized as 
follows. SiCl4 was dissolved in hexane and n-alcohol (n = 4, 6, 8, 10, or 12) was added 
dropwise (SiCl4/alcohol = 1/2) under N2 flow. The mixture was allowed to react at room 
temperature for 1 h. The products were the mixtures of (CnO)mSiCl4–m (m = 0–4), and 
the dialkoxydichlorosilanes were distillated to be purified (0.1 Torr, b. p.; 340 K (n = 4), 
360 K (n = 6), 380 K (n = 8), 400 K (n = 10), and 420 K (n = 12)). Each 29Si NMR 
spectrum of the products showed a signal at –55.8 ppm for (CnO)2SiCl2 (n = 4–12). 
Each 13C NMR spectrum of the products showed a signal due to SiOCH2 at 65.4 ppm.9  
Silylation 
 It is difficult to directly graft interlayer surface of Na-Oct with dialkoxysilyl 
Chapter 2 
 33
groups. Dodecyltrimethylammonium-exchanged octosilicate (DTMA-Oct) was used as 
an intermediate. DTMA-Oct (1.5 g) dispersed in dehydrated toluene (30 mL) containing 
dehydrated pyridine (15 mL) was mixed with dialkoxychlorosilane and stirred at room 
temperature for 2 d. The amount of the silylating reagent (32 mmol) was 5 times larger 
than that of the equivalent amount for full coverage of Si–OH and Si–O– groups. The 
products were separated by centrifugation and washed with toluene to remove unreacted 
silylating reagents. Pyridine hydrochloride and deintercalated DTMACl were removed 
by washing with dichloromethane and dried in vacuo to yield (CnO)2Si-Oct. 
 
2.3 Results and Discussion 
 The powder XRD patterns of (CnO)2Si-Oct exhibit different profiles from 
those of Na-Oct and DTMA-Oct. The basal spacing of d = 2.37 nm in the pattern of 
DTMA-Oct disappeared and new peaks at d = 1.66 nm (n = 4), 2.07 nm (n = 6), 2.49 
nm (n = 8), 2.87 nm (n = 10), and 3.20 nm (n = 12) were observed (Figure 2.1 and 
Figure 2.2). The amounts of nitrogen in all the silylated products became zero whereas 
that of DTMA-Oct was 2.4%, indicating complete removal of DTMA ions. The basal 
spacing increased with the increase in the carbon number (n) of alkoxyl groups. The 
relation is linear and ∆d/CH2 was 0.19 nm, being larger than that of a monolayer (0.13 
nm/CH2), which suggests a bilayer arrangement of the organic groups. The interlayer 
alkoxyl groups (n = 8–12) take gauche-trans conformations, as evidenced by the 
chemical shift (δ = 31 ppm) of the interior methylene chains in the 13C CP/MAS NMR 
spectra of the products (Figure 2.3).10 The scanning electron microscopic (SEM) images 
of the silylated products (Figure 2.4) showed the retention of the particle size and 
morphology of the starting Na-Oct. 
 The 29Si MAS NMR spectra of the products (Figure 2.5) show quite different 
profiles from that of DTMA-Oct. The signals due to dialkoxysilyl ((RO)2Si(OSi)2, R = 
alkyl) groups are observed at the Q2 region (–96 ppm), characteristic of dialkoxylated 
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Q2.11 The Q2 signal at –92 ppm is ascribable to ((RO)(HO)Si(OSi)2).11 The small broad 
signals at around –104 ppm can be assigned to unsilylated Q3 units, and the shift from 
–101 ppm to –104 ppm to higher magnetic field is probably caused by the distortion of 
neighboring silylated sites, being in agreement with the small lattice expansion based on 
the powder XRD data discussed below. The distortion also affects the profiles in the Q4 
region and the peaks were split into several signals, –111, –113, and –114 ppm for 
(C4O)2Si-Oct and –108, –110, –112, –114, and –115 ppm for (CnO)2Si-Oct (n = 8–12). 
The intensity of the Q3 signal of DTMA-Oct (the ratio of the intensities due to Q3 (–101 
ppm) and Q4 (–110 ppm) is 1:1) decreased substantially after silylation and the degree 
of the decrease (see Table 2.1) clearly indicates that about 90% of the interlayer surface 
silanol sites are silylated. The amounts of the introduced alkoxyl groups, based on 29Si 
MAS NMR data, were 0.8–1.1 per Si–OH. The amount of the alkoxyl groups 
introduced is quite large if compared with those reported previously for esterified 
layered silicates and silicas.12,13 
 The powder XRD patterns of the products exhibited many peaks at higher 
angles (2 = 10–40°). The peaks are due to high ordering of the novel silicate 
framework, which has not been observed for all the silylated derivatives of layered 
silicic acids reported so far.3,6 All the diffraction peaks in the pattern of (C8O)2Si-Oct, 
for example, are easily assigned to a tetragonal cell (space group I41/amd), the same 
groups as that of Na-Oct. The lattice constants of the a-axis for all the products are a = 
0.743 nm, and the value is very slightly larger than that of Na-Oct (a = 0.733 nm).5 This 
slight difference in the a-axis is ascribable to the distortion in the silicate framework by 
forming new ring structures.  
 The bonding state of the silyl groups can take two types (Scheme 2.2). One 
silylating reagent reacts with two closest silanol groups on the surface to form cyclic 
siloxane ring (model A in Scheme 2.2). The other type is the formation of siloxane 
bonds between adjacent Si–Cl groups of silylating reagents in which one group reacts 
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with the surface of octosilicate (model B in Scheme 2.2). The signal intensity ratios of 
Q4 and Q2 ((Q4–1)/Q2) should be 2 and 1 for the models A and B, respectively. The 
value for (C4O)2-Oct is 1.6 (Table S1), suggesting the combination of both models. On 
the other hand, the values for (C8O)2Si-Oct and (C12O)2Si-Oct become 2.0, which 
strongly suggests the formation of the bonding exemplified by model A. The difference 
with the carbon number is similar to that found for the alkylsilylation of kanemite6 and 
can be explained by the difference in the degree of silylation due to the steric hindrance 
of alkoxyl groups.  
 
2.4 Conclusion 
All the results prove the formation of alkoxysilylated layered polysilicates with 
novel crystalline silicate framework by using octosilicate as the substrate. The 
dialkoxysilyl groups are grafted in a controlled manner to form new five-membered 
rings regularly on both of the sides of the silicate layers (Scheme 2.1(b)). The products 
are a new type of crystalline layered silicates with thicker silicate layers where only Q4 
and Q2 units are present, being in clear contrast to all known layered silicate structures 
composed of Q3 and Q4 units. In addition, interlayer alkoxysilyl groups can act as 
functional groups and provide geminal silanol groups which could be utilized for a 
bridging part to form three-dimensional framework. This material is structurally unique 
and potentially applicable as precursors for silicate-based materials designed at a 
molecular level by hydrolysis and condensation. Further silylation will also afford 
well-designed silicate framework, which means the viability of this method for the 
design of silicate framework at a molecular level. 
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Chapter 3 
 
Molecular Manipulation of Two- and 
Three-Dimensional Silica Nanostructures by 
Alkoxysilylation of a Layered Silicate 
Octosilicate and Subsequent Hydrolysis of 
Alkoxy Groups 
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3.1 Introduction 
Ordered silica structures have received broad interest in basic chemistry and 
applications, including catalysis and adsorption.1  The precise design of both silica 
frameworks and nanospaces created by those networks is a critical issue.  Although 
hydrothermal synthesis has been adopted to construct crystalline silica frameworks such 
as zeolites and layered silicates, the capability to control the frameworks is limited.2  
Recently, surfactants are widely used as a structural director for fabricating 
mesoscopically ordered silica under mild conditions.3, 4  However, such materials have 
amorphous silica frameworks, and the crystal-like ordering of the frameworks has been 
achieved only by the post-treatment under hydrothermal conditions.5  It remains a 
challenge to establish a versatile and soft-chemical methodology for designing ordered 
silica structures at the molecular scale. 
Layered silicates and aluminosilicates with two-dimensional (2-D) crystalline 
structures are important for their ability to accommodate various molecules within the 
interlayer spaces.6, 7  Furthermore, they are useful as scaffolds for the construction of 
three-dimensional (3-D) silicate materials.  Pinnavaia et al. reported the pillaring of the 
interlayer spaces of a layered silicate by condensation of silicic acids in the presence of 
the surfactant to form a porous clay heterostructure (PCH).8  We have reported the 
formation of mesoporous silica (KSW-2) by winding the silicate layers of kanemite 
through the interactions with surfactants.9  However, the silicate structure of the 
product does not completely reflect the original structure.  Recently the 3-D zeolite 
structures (CDS-1, ERS-12, MCM-65, MCM-69, Nu-6, and RUB-41) were synthesized 
through the topotactic conversion of 2-D precursors by careful calcination.10  Also, a 
new type of silica zeolite (RUB-24) containing 8MR was synthesized from intercalated 
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octosilicate by the condensation of the silicate layers during calcination.11  This 
method can serve as a promising route to produce a 3-D structure that reflects the 
crystallinity of the original layered structures, but basically impose a limitation on the 
use of other layered silicate because of difficulty in the connection of Si–OH groups 
between adjacent layers. 
A new approach proposed here is to manipulate silica frameworks based on a 
stepwise reaction of monomeric Si species within the interlayer spaces of layered 
silicates.12  Silylation of the surface silanol groups of layered silicates with 
organochlorosilanes has been utilized to prepare a variety of layered silica–organic 
nanomaterials.13  We reported the formation of new ring structures on the silicate 
layers by silylation of kanemite with alkylchlorosilanes.13e  However, the single 
silicate sheets of kanemite deteriorated upon silylation.  Our interest has therefore been 
focused on layered octosilicate14 (also known as ilerite14a or RUB-18 14c), which has a 
more rigid structure consisting of four-, five-, and six-membered rings (abbreviated as 
4MR, 5MR, and 6MR, respectively) and Si–OH/Si–O– groups on its surface.  By using 
dialkoxydichlorosilanes [(RO)2SiCl2, R = alkyl] as silylating agents, we obtained a 
unique crystalline 2-D silica structure where dialkoxysilyl groups are regularly grafted 
on the silicate layers to form new 5MR.15  The products are potentially applicable as 
precursors for new silica-based nanomaterials either by exchanging alkoxy groups or by 
hydrolysis and condensation.16  However, the dialkoxy groups on the interlayer 
surfaces remained intact even when the products were dispersed in an aqueous or 
alcoholic solution under acidic conditions.  It appears that highly hydrophobic 
interlayer spaces consisting of bilayers of alkoxy groups blocked the intercalation of 
water molecules to hydrolyze Si–OR groups. 
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In this paper, we report the formation of novel silica structures by silylation of 
octosilicate with alkoxytrichlorosilanes [ROSiCl3].  By controlling the reaction 
conditions, two Si–Cl groups of an alkoxytrichlorosilane molecule react with two 
silanol groups on a silicate layer to form new 5MR.  Importantly, the silylated product 
is bifunctional having both Si–Cl and Si–OR groups.  Although Si–Cl group is useful 
for various reactions,17 we focus on its role as "trigger" for hydrolysis of the alkoxy 
groups.  The high reactivity of Si–Cl group with water leads to the formation of Si–OH 
and HCl; the former creates less hydrophobic interfaces for further intercalation of 
water molecules, and the latter catalyzes the hydrolysis of alkoxy groups.16  As a result, 
we succeeded in the fabrication of novel crystalline 2D silica with geminal silanol 
groups.  Moreover, a 3-D silica structure with 12MR was formed by condensation 
between the silanol groups on adjacent layers.  Such a route opens a new possibility to 
create unique 2-D and 3-D silica structures that are not accessible by conventional 
methods. 
 
3.2 Experimental Section 
Synthesis of Na-Octosilicate and C16TMA-Octosilicate.  Na-octosilicate (Na-Oct; 
Na8[Si32O64(OH)8·32H2O]) was synthesized by the method reported previously.18  SiO2 
(special grade, Wako Chemicals), NaOH, and distilled water were mixed at a ratio of 
SiO2:NaOH:H2O = 4:1:25.8.  The mixture was treated at 100 °C for 2 weeks in a 
sealed Teflon vessel.  Hexadecyltrimethylammonium–octosilicate (C16TMA-Oct) was 
prepared by the ion exchange reaction of Na-Oct with hexadecyltrimethylammonium 
chloride [C16H33N(CH3)3Cl, C16TMACl] (Tokyo Kasei Co.)18  Na-Oct (12 g) was 
dispersed in an aqueous solution of C16TMACl (0.1 mol/L, 400 ml).  The mixture was 
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stirred at room temperature for 24 h, and then centrifuged to remove the supernatant.  
This procedure was repeated three times.  The resulting slurry was washed with water, 
and air-dried at room temperature. 
Synthesis of Alkoxytrichlorosilanes.  Alkoxyltrichlorosilanes [(CnH2n+1O)SiCl3; 
1(Cn) (Scheme 1), n = 6, 8, 10, and 12] were synthesized by a similar method for 
dialkoxydichlorosilane.15  In a typical procedure, n-alcohol (CnOH, n = 6, 8, 10, or 12, 
Tokyo Kasei Co.) was added dropwise to a vigorously stirred mixture of SiCl4 (Tokyo 
Kasei Co.) and hexane (SiCl4/CnOH = 1) under an N2 flow.  The mixture was allowed 
to react at room temperature for 1 h, yielding the mixture of (CnO)mSiCl4-m (m = 0—4).  
Alkoxytrichlorosilanes (m = 1) were separated by distillation (0.1 Torr, b.p.; ~50 °C (n 
= 6), ~70 °C (n = 8), ~90 °C (n = 10), and ~110 °C (n = 12)).  The 29Si NMR spectrum 
of 1(C12), for example, exhibited a single signal at –38.5 ppm assignable to (CnO)SiCl3 
(Figure 3.1A).19  In addition, the 13C NMR spectrum showed the signals assigned to 
the alkoxy groups (Figure 3.1B), where the signal of α carbon (SiOC) appeared at 66.6 
ppm, being shifted from that of dodecyl alcohol (62.5 ppm).  The 13C and 29Si NMR 
spectra for other 1(Cn) (n = 6, 8, and 10) also confirmed the formation of these reagents 
(Figure 3.1).   
Silylation.  C16TMA-Oct (1.5 g) dispersed in dehydrated dichloromethane (30 mL) 
and dehydrated pyridine (10 mL) was mixed with an excess (20 mmol) of 
alkoxytrichlorosilane 1(Cn).  The mixture was stirred at room temperature for 1 day 
under N2 atmosphere.  The solid products were filtered and washed with 
dichloromethane to remove unreacted silylating reagents, pyridine hydrochloride, and 
deintercalated C16TMACl.  The resulting products were dried in vacuo to yield 2(Cn) 
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(Scheme 3.1).  They were stored in N2 atmosphere to avoid hydrolysis of the interlayer 
Si–Cl and Si–OR groups. 
Alcoholysis.  The silylated-derivative 2(C12) (0.25 g) was stirred in the mixture of 
dodecyl alcohol (2.0 g), toluene (10 ml), and pyridine (1.0 ml) for 1 day.  The product 
was filtered, washed with toluene, and dried in vacuo. 
Hydrolysis of Alkoxy Groups with water/(DMSO or acetone).  2(C12) (0.5 g) was 
added to a mixture of DMSO (40 mL) (or acetone), H2O (10 ml), and pyridine (1.0 
ml).20  After stirring for 1 day, the mixture was centrifuged, and the solid components 
were washed with a mixture of the solvent (DMSO or acetone) and water.  The 
products after drying in vacuo for 2 h are designated as 3(DMSO) and 3(acetone) 
(Scheme 3.1). 
Analysis.  Powder X-ray diffraction (XRD) measurements were performed on a 
Rigaku Rint 2000 powder diffractometer with a radiation of Ni-filtered Cu Kα (λ = 
0.15418 nm).  Thermogravimetry (TG) was carried out with a Rigaku Thermo Plus2 
instrument under a dry air flow at a heating rate of 10 °C min–1, and the amounts of 
SiO2 fractions in the products were determined by the residual weight after heating to 
900 °C.  The amounts of organic constituents were determined by CHN analysis 
(Perkin-Elmer PE-2400).  Solid-state 29Si MAS NMR spectra were recorded on a 
JEOL JNM-CMX-400 spectrometer at a resonance frequency of 79.42 MHz with a 45° 
pulse and a recycle delay of 200 s.  The samples were put into 7.5 mm (or 5 mm) 
zirconia rotors and spun at 5 kHz.  We confirmed that the signals were fully relaxed 
under these conditions so that quantitative analysis was possible.  Solid-state 13C 
CP/MAS NMR spectra were recorded on the same spectrometer at a resonance 
frequency of 100.40 MHz and a recycle delay of 5 s.  The 29Si and 13C chemical shifts 
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were referenced to tetramethylsilane at 0 ppm.  TG–MS (mass spectrometry) analysis 
was performed on a combined Rigaku Thermo Plus2 and GCMS-QP1100EX under He 
atmosphere at a heating rate of 20 °C min-1.  The structurally optimized calculation 
was performed with an Accelrys Discover software by using the COMPASS force field.  
The scanning electron microscopy (SEM) images were obtained with a JEOL 
JSM-5500LV microscope at an accelerating voltage of 25 kV. 
 
3.3 Results 
Silylation of Octosilicate with Alkoxytrichlorosilanes (1(Cn)).  The XRD patterns 
of Na-Oct, C16TMA-Oct, and 2(C12) are shown in Figures 3.2a—c, respectively.  The 
pattern of 2(C12) is quite different from those of C16TMA-Oct and Na-Oct, and exhibits 
a peak in the small angle region with a d spacing of 2.05 nm.  The d spacing of 2(Cn) 
increases linearly with the increase in the carbon number (n) of the silylating agents 
(1(Cn)) used (Figure 3.3 inset), suggesting that alkoxysilyl groups are introduced into 
the interlayer spaces.  The higher 2θ region in the pattern of 2(C12) (Figure 3.2c) 
displays many peaks due to a well-defined framework structure.  The lattice constant 
of the a-axis (a = 0.743 nm) is slightly larger than that of Na-Oct (a = 0.733 nm), which 
might be caused by the distortion of the silicate framework by silylation.  Although the 
space group symmetry should be lowered, as suggested by broadened XRD peaks and 
29Si-NMR signals (shown below), all of the diffraction peaks can be assigned to a 
tetragonal cell (space group I41/amd), the same group as that of Na-Oct, using the lattice 
parameter of a = 0.743 nm and c = 8.20 nm. 
The complete removal of C16TMA ions upon silylation was confirmed by the absence 
of nitrogen in 2(C12), while the nitrogen content in C16TMA-Oct was 2.4% (Table 3.1), 
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implying that all of the carbon (27.8 wt%) are originated from the alkoxy groups of 
1(Cn).  Actually, the 13C CP/MAS NMR spectrum of 2(C12) exclusively exhibits the 
signals corresponding to dodecoxy groups (Figure 3.4a).  The chemical shift of α 
carbon of alkyl alcohols are reported to depend on the state; the shifts are 63 ppm for 
those physically adsorbed on silica surface and 64.5—65 ppm for those forming 
Si–O–C linkage.21  The appearance of a single signal at 65 ppm in Figure 3.4a strongly 
indicates the presence of dodecoxysilyl groups without the cleavage of Si–O–C linkage.  
Other silylated derivatives (2(Cn); n = 6, 8, and 10) also show the signals at 65 ppm due 
to the alkoxysilyl groups (Figure 3.5A). 
The 13C signal of interior methylene carbons appearing at 33 ppm (Figure 3.4a) 
indicates that the chains adopt all-trans conformations.22  No signal was observed at 
around 30 ppm indicative of chains containing gauche defects,22 which is in clear 
contrast to dialkoxysilylated octosilicate.15  In addition, the average increment of the d 
spacings per one CH2 groups in 2(Cn) (ca. 0.10 nm/CH2, Figure 3.3 inset) is about half 
of the value for dialkoxysilylated octosilicates having bilayer arrangements of alkoxy 
groups (ca. 0.19 nm/CH2).15  This value suggests that the alkoxy groups in 2(Cn) are 
arranged in an interdigitated monolayer with a slight inclination of the chain axis 
normal to the silicate layers. 
The information about the siloxane frameworks was obtained by 29Si MAS NMR 
spectra (Figure 3.6).  The spectrum of C16TMA-Oct (Figure 3.6a) shows two narrow 
signals at –101 and –110 ppm corresponding to the Q3 (Si(OSi)3(O–)) and Q4 (Si(OSi)4) 
units, respectively.  The intensity ratio of these signals is 1:1 (Q3/Q4 = 1) (Table 3.2).  
As shown in the spectrum of 2(C12) (Figure 3.6b), the silylation resulted in the 
significant decrease of the Q3 signal (Q3/Q4 = ~0.03), while a new signal was observed 
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at around –84 ppm.  This new signal can be ascribed to grafted alkoxysilyl groups 
(Si(OSi)2Cl(OR), designated as the I site).  The shoulder signal at –86 ppm suggests 
the presence of the I site with a different bonding state,13e but its relative intensity is 
very small (~11%).  The significant downfield shift of the I site compared to the Q2 
signals of silica, which typically appear between –90 to –96 ppm,16 can be ascribed to 
the presence of Si–Cl bond.  Although such a downfield shift of 29Si signal has been 
observed for SiO4 units forming 3MR,23) it is apparent that 3MR are not contained in 
2(C12).  The formation of 3MR by silylation should lead to the appearance of two 
downfield signals with the intensity ratio of 1:2 that correspond to the grafted silyl 
groups and newly formed Q4 units on octosilicate, respectively.  Figure 3.6b mainly 
shows one downfield signal (–84 ppm), suggesting that the signal is due to the 
alkoxysilyl groups.  The relative intensity of this signal is 0.45 per one Si–OH (or –O−) 
group (Q3) of octosilicate, which is in good agreement with the number of attached 
alkoxysilyl groups (0.49) per Si–OH (or –O−) evaluated by TG and elemental analysis.  
The relative intensity of the Q3 signal of C16TMA-Oct decreased to ca. 0.1 after 
silylation, indicating that about 90% of the reactive sites are silylated.  In addition, the 
increase of the Q4 signal with respect to the I signal ((Q4–1)/I) is 2.1, which indicates 
that one alkoxytrichlorosilane molecule reacted with two silanols of octosilicate.  
Similar results were also obtained for 2(Cn) (n = 6, 8, and 10) (Figure 3.5B and Table 
3.3).  The structural model is depicted in Scheme 3.2B. 
Alcoholysis of Silylated Derivative 2(C12).  To confirm the reactivity of the Si–Cl 
groups, 2(C12) was treated with dodecyl alcohol.  The d spacing increased from 2.05 
nm to 3.24 nm (Figure 3.2d), and the major XRD peaks roughly matched to the pattern 
of didodecoxysilylated octosilicate reported previously.15  In addition, the amount of 
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carbon per 1 SiO2 became almost twice as large as that of 2(C12) (Table 3.1).  The 29Si 
MAS NMR spectrum (Figure 3.6c) shows a new signal at –96 ppm assigned to 
dialkoxysilyl groups (Q2), the relative intensity of which is consistent with that of the I 
site observed in Figure 3.6b.  The small signal at –93 ppm is assigned to the Q2 units 
[Si(OSi)2(OH)(OR)] formed by the hydrolysis of Si–Cl groups during the reaction.  
The split of the Q4 signals into –108, –110, –112, –114, and –115 ppm is also observed 
for dialkoxysilylated octosilicate.15  This split appears to be inherent to the silicate 
framework of octosilicate, although the detail is unclear.14e  These data clearly show 
the formation of dialkoxysilyl groups by the reaction with alcohols, implying that the 
interlayer Si–Cl groups in 2(C12) have high reactivity and accessibility. 
Hydrolysis of Silylated Derivatives 2(Cn).  Figure 3.7 shows the XRD patterns of 
2(C12) after the treatment with the mixtures of water and solvent (DMSO or acetone).  
The d values decrease to 1.66 nm and 1.12 nm for 3(DMSO) and 3(acetone), 
respectively.  Also, these patterns display different profiles in the higher angle region 
(2θ = 10—60˚), but show the same peaks at 49˚ corresponding to the lattice constant of 
the a-axis in Na-Oct.  Although the quality of XRD pattern decreased upon hydrolysis, 
the presence of several peaks at higher 2θ region indicates that the products still retain 
well-defined framework structures.  The SEM images of C16TMA-Oct, 2(C12), 
3(DMSO), and 3(acetone) (Figure 3.8) reveal that the particle size (ca. 2–10 µm) and 
the square-shaped morphology of octosilicate are preserved during the silylation and 
hydrolysis processes. 
The carbon contents in 3(DMSO) and 3(acetone) are 23wt% and 7wt%, respectively, 
being smaller than that of 2(C12) (28wt%) (Table 3.1).  The 13C CP/MAS NMR spectra 
(Figures 3.4b and 3.4c) revealed the significant decrease in the signal of the alkoxy 
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groups (*), indicating the hydrolysis of the interlayer alkoxy groups.  These spectra 
also show the signals due to DMSO (40 ppm, S–CH3) and acetone (30 ppm, CH3; 215 
ppm, C=O).  It is reported that the acidity of zeolite can be evaluated by the 13C 
chemical shift of carbonyl carbon of acetone molecules adsorbed on its surface.24  In 
Figure 3.4c, the signal of the carbonyl carbon is shifted downfield (215 ppm) from that 
in solution (206 ppm), suggesting the weak acidity of 3(acetone) similar to formic acid. 
The FT-IR spectra of 3(DMSO) and 3(acetone) (Figure 3.9A) show broad O–H 
stretching vibrations centered at 3440 cm–1 ascribed to the silanol groups 
hydrogen-bonded to solvent or water.  In addition, in the case of 3(acetone), the C=O 
stretching vibration bands of acetone are observed at 1690 cm–1 with a shoulder at 1705 
cm–1.  These two bands can be ascribed to the interaction between one carbonyl group 
and one Si–OH group, and that between one carbonyl group and two Si–OH groups, 
respectively.25 On the other hand, the hydrogen-bond between DMSO and the silanol 
groups in 3(DMSO) was evidenced by the Raman spectrum (Figure 3.9B), which shows 
the S=O stretching vibration at 1022 cm–1.26 
Figure 3.10 shows the 29Si MAS NMR spectra of the hydrolyzed products.  The 
signal corresponding to the SiCl(OR) groups (–84 ppm) was not observed in both 
spectra.  The spectrum of 3(DMSO) shows a new signal at –91 ppm, which is 
attributed to the Q2 units possessing geminal silanol groups [(SiO)2Si(OH)2]16, along 
with the Q4 signal (–112 ppm).   On the other hand, 3(acetone) mainly shows broad 
signals due to the Q3 (–101 ppm) and Q4 units, and a very small signal was observed in 
the Q2 region.  As listed in Table 3.2, the relative intensities of these new Q2 and Q3 
signals (in Figures 3.10a and b, respectively) are approximately equal to that of the I 
signal of 2(C12).  In addition, the relative intensities of the Q4 site were almost 
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unchanged before and after hydrolysis.  These results indicate that the 
alkoxychlorosilyl groups in 2(C12) were mostly transformed to new Q2 and Q3 sites for 
3(DMSO) and 3(acetone), respectively. 
Desorption of Adsorbed Molecules from Hydrolyzed Products.   
The structural transformation of 3(DMSO) induced by desorption of DMSO was 
demonstrated by XRD (Figure 3.11).  As described above, 3(DMSO) was obtained by 
drying in vacuo for 2 h after hydrolysis, and exhibits the basal spacing of d = 1.66 nm 
(Figure 3.2d).  When the drying-time was extended to 48 h, the d value of the sample 
decreased to 1.29 nm (Figures 3.11a).  The 29Si MAS NMR spectrum of the sample 
dried for 48 h revealed that the decrease of the basal spacing is accompanied by the 
condensation between the Q2 units to form the Q3 units (Figure 3.10c).  The XRD 
pattern of the product dried for 100 h is 1.11 nm (Figure 3.11b).  The profiles of both 
XRD pattern and 29Si MAS NMR spectrum are very similar to those of 3(acetone), 
suggesting the formation of 3-D frameworks similar to 3(acetone).  After the complete 
removal of organic species by heating at 550 °C, 3(DMSO) still retains the ordered 
structure with the d value of 0.88 nm (Figure 3.11c). 
The thermal behavior of the hydrolyzed products is also investigated.  The TG curve 
for 3(DMSO) (dried for 2 h) and the TG-MS data for the sample dried for 48 h are 
shown in Figure 3.12.  The TG curve of 3(DMSO) shows a five-step weight loss at 
around 70, 150, 250, 350, and 550 °C (Figure 3.12A, dotted line).  The first weight 
loss at 70 °C (~12%) is due to the desorption of DMSO from external or interlayer 
surface.  Other weight losses are also observed for the sample dried for 48 h (Figure 
3.12A, solid line).  The weight loss at 150 °C corresponds to the desorption of residual 
DMSO, because the molecular ion M•+ (m/z = 78) was detected by MS (Figure 3.12B).  
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The third and fourth weight losses are associated with the thermal decomposition of 
DMSO.  Between 250 and 400 °C, the mass fragment of [HCS]+ (m/z = 45) is mainly 
observed, while the molecular ion M•+ (m/z = 78) of DMSO is hardly observed.  The 
final weight loss above 450 °C is due to the decomposition of the residual dodecyl 
alcohol or dodecoxy groups, judging from the representative fragment of dodecyl 
alcohol (m/z = 55) (not shown).  The FT-IR spectrum of 3(DMSO) heated at 550 °C 
(not shown) exhibit a new band at 3669 cm–1, suggesting that the isolated Si–OH groups 
were generated upon removal of DMSO molecules.  The amount of adsorbed DMSO 
evaluated from the total weight loss (8.0 wt%) in the range of 250 and 400 °C was 1.0 
molecule per uncondensed Si–OH groups. 
Figure 3.13 shows the TG–MS data for 3(acetone).  The initial weight loss up to 
430 °C is due to the desorption of acetone, judging from the molecular fragment M•+ 
(m/z = 58) of acetone.  The secondary weight loss started from 430 °C is due to the 
residual dodecyl alcohol or dodecoxy group in the hydrolyzed product, judging from the 
representative fragment of dodecyl alcohol.  The amount of adsorbed acetone, 
calculated from the weight loss up to 430 °C (6.0wt%), is 0.7 per Si–OH, being in 
agreement with the IR data showing that acetone molecules interact with Si–OH groups.  
In contrast to 3(DMSO), 3(acetone) collapsed upon calcination at 450 °C to form 
amorphous silica that shows no peaks in the XRD pattern (Figure 3.14). 
 
3.4 Discussion 
The silica structures created by silylation of layered silicates depend on the crystal 
structure of layered silicate, in particular, the configuration of Si–OH (or O–) groups, as 
well as the molecular structure of the silylating agent.  The silicate layer of octosilicate 
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is schematically shown in Scheme 3.2A.  The O···O distance between confronting 
Si–OH (or O–) groups is about 0.23 nm, whereas the distance along the perpendicular 
direction is much larger (~0.73 nm).  On the basis of the results that one 
alkoxytrichlorosilane reacted with two Si–OH groups of octosilicate, it is reasonable 
that silyl groups bridge two confronting silanol groups (designated as 1:2 reaction) 
(Scheme 3.2B).  The 1:2 reaction with two silanol groups pointing opposite each other 
(O···O distance of 0.51 nm) to form 3MR should be difficult because of the large O···O 
distance and the wide Si–O–Si angle (~219°) that requires the partial restructuring of 
the siloxane networks of octosilicate.  Thus new 5MR are formed on both sides of the 
silicate layer, resulting in the increase of the layer thickness.  The long alkoxy groups 
of the silylating agent (1(Cn)) play a role in inducing the 1:2 reaction and avoiding 1:1 
reaction of silylating agents with only one silanol group.13e, 15  However, the direction 
of Si–OR (or Si–Cl) group on the silicate surface could be random.  This may cause 
slight variations in the local environment of silicate framework, which is responsible for 
the lowering of the space group symmetry suggested by the XRD pattern and the 
relatively broad signals in the 29Si MAS NMR spectrum (Figure 3.6b). 
Figure 3.15 shows the proposed structural models for 3(DMSO) and 3(acetone) 
obtained by hydrolysis of 2(C12).  As shown in Figure 3.15a, 3(DMSO) consists of a 
new layered silica structure containing DMSO molecules between the layers, which is 
revealed by the much larger d value (1.66 nm) than the basal spacing of protonated 
octosilicate (H-Oct; d = 0.74 nm14g).  The silica structure of 2(C12) is retained, while 
the geminal Si–OH groups are formed on the interlayer surface.  It is noteworthy that 
3(DMSO) possesses a well-ordered local structure, as evidenced by the narrow widths 
(50—85 Hz) of the Q2 and Q4 signals comparable to those of octosilicate.  The new 
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layered structure covered with unique geminal =Si(OH)2 (Q2) surface is expected to be 
reused as a starting material for further modification, and it may be applicable to unique 
interlayer adsorption due to the characteristic interlayer environment.  The direct 
evaluation of the amount of interlayer DMSO is difficult because the product also 
contains DMSO adsorbed on external surface and H2O produced by condensation of 
Si–OH groups.  Here, we roughly estimate the amount of interlayer DMSO based on 
the relationship between the d value and the desorbed amount of DMSO.  As described 
before, the d value of the product decreased from 1.11 nm to 0.88 nm (∆d = 0.23 nm) 
upon desorption of 1.0 molecule of DMSO per one Si–OH group.  The ∆d value of 
3(DMSO) is 0.81 nm (1.69–0.88 nm), which corresponds to 3.5 molecules per one 
Si–OH group. 
On the other hand, the structure of 3(acetone) is in marked contrast to that of 
3(DMSO).  The condensation between attached silyl groups was evidenced by 29Si 
MAS NMR.  The attached silyl groups do not form Q4 units but Q3 units, indicating 
that one hydroxyl group per attached group remained uncondensed.  It is apparent that 
the condensation occurred between adjacent layers, because the distance between the 
grafted silyl groups on the same layer (0.73 nm) is too long for condensation (Scheme 
3.2B).  Nevertheless, the d value (1.12 nm) is still larger by 0.38 nm than that of H-Oct, 
which is consistent with the presence of additional SiO4 units between layers.  Figure 
3.15B displays the geometry optimized model for the structure of 3(acetone) obtained 
by using the MD simulation.  This model consists of new siloxane rings such as 8MR 
and 12MR, and Si–OH groups interacting with acetone.  A Rietveld refinement was 
performed on the X-ray powder pattern using this structural model.  The final fit 
obtained between the calculated and observed patterns (Figure 3.16) converged to Rwp = 
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0.106.  The low quality of the Rietveld refinement could be explained by additional 
phases (ex. a remained alcohol phase revealed by TG–MS) and the low-angle peak 
asymmetry. 
The formation process of such silica nanostructures from 2(Cn) involves two steps: 1) 
hydrolysis of the Si–Cl and Si–OR group in the swelling interlayer spaces to form the 
2-D silica structure, 2) silanol condensation between adjacent layers upon desorption of 
the solvents, forming the 3-D structure.  The solvents are crucial for the condensation 
step.  The structure of resulting silica (2-D or 3-D) depended on the kind of solvents 
(DMSO or acetone).  It is known that DMSO molecules are intercalated into various 
layered silicates due to their ability to form strong hydrogen bonds with silanol 
groups.13a, 13b  In the case of 3(DMSO), the presence of DMSO molecules between the 
layers should prevent the condensation between adjacent layers.  Although this 2D 
structure was very stable in an atmospheric condition, interlayer condensation occur 
upon desorption of the DMSO molecules by extending the drying time in vacuo up to 
48 h.  In the case of 3(acetone), interlayer condensation occurred within 2 h of drying 
in vacuo.  This is explained by the high volatility of acetone, and this made it difficult 
to keep a swelling state of silicate layers.  We confirmed that other polar solvents such 
as 2-butanone, cyclohexanone, and acetonitrile were also available to form 3-D silica 
structures accommodating each solvent.  In addition, when 2(C12) was treated with 
water in the absence of solvent, pyridine (HCl trap) was adsorbed within 3-D silica 
structures.   
The 3-D silica structure of 3(acetone) has two characteristic properties.  The first is 
the weak acidity as evidenced by the chemical shift of the carbonyl group of acetone in 
the 13C CP/MAS NMR spectrum.  Purely siliceous mesoporous silica can work as 
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catalysts in several reactions although the detailed mechanism is still controversial.27  
The other characteristic property is its thermal behavior.  The desorption of acetone in 
3(acetone) occurred at around 380 °C (Figure 3.13), which is much higher than that 
adsorbed in a protonated zeolite (H-ZSM-5) (~200 °C).28  It appears that the acetone 
molecules are trapped within the 3-D silica frameworks.  The simulated model (Figure 
3.15b) illustrates that the aperture of the siloxane networks formed by interlayer 
condensation is slightly narrower (~0.23 nm)29 than the molecular length of acetone, 
because the large aperture along 12MR consists Si–OH groups as an interruption.  This 
nanostructure acts as a nanocapsule trapping the 1—2 molecules of acetone that are 
hydrogen bonded to surface hydroxyl groups. 
After calcination at 450 °C, 3(DMSO) still retained the ordered structure, whereas 
3(acetone) became amorphous (Figure 3.14).  This difference may arise from the 
difference in the thermal stability of solvent molecules.  The TG–MS spectrum of 
3(acetone) shows the molecular fragment (M•+) even at high temperature (Figure 3.13).  
It is presumable that the silica structure was partly collapsed upon desorption of acetone 
because of the narrow aperture of the frameworks compared to the molecular size of 
acetone.  On the other hand, in the case of 3(DMSO), the pyrolysis of DMSO was 
observed during the secondary weight loss, because of the low appearance energy for 
CH3• from DMSO (10.64 eV).30  This pyrolysis of DMSO proceeds via transformation 
from a branched molecule to linear fragments, which could run through the silica 
aperture without the collapse of silica structure.  The final silica structure of calcined 
3(DMSO) may be shrunk along the c-axis to form a dense silica structure without 
porosity, because the resulting silica does not adsorb any gases (N2, Ar, and H2O). 
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3.5 Conclusion 
We have described a new methodology for constructing silica nanostructure based on 
the silylation of layered silicate octosilicate with alkoxytrichlorosilanes and the 
subsequent reaction within the interlayers.  The silylated product has thicker siloxane 
layers containing new five membered siloxane rings bearing Si–Cl and Si–OR groups.  
This is the first example of the functionalization of layered silicates with Si–Cl groups, 
which exhibited the high reactivities with alcohol or water.  Hydrolysis of both Si–Cl 
and Si–OR groups by H2O/DMSO mixture led to the formation of a unique crystalline 
layered silicate with geminal silanols.  Interestingly, the 2-D layers were subsequently 
transformed to 3-D networks when acetone was used instead of DMSO during 
hydrolysis.  The acetone molecules are trapped within the 3-D structure.  Such 
behavior is promising for the design of zeolite-like materials that encapsulate and 
stabilize small molecules within the cage even at high temperatures.  Furthermore, this 
3-D structure contains abundant Si–OH groups originated from silylating agents within 
the silica networks, which is not attained by conventional methods.  The present 
approach can be extended to the use of other layered silicates such as magadiite12, 
RUB-1531 and HLS32 in combination with various silylating agents.  Further silylation 
and hydrolysis of 2-D silica structures such as 3(DMSO) is also promising for the 
emergence of a variety of crystalline 2-D and 3-D silica frameworks.  We are now 
focusing on the generation of porosity in the products, which is of particular interest 
from technological viewpoint.  
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Table 3.1.  Amounts of Alkoxy Groups of the Products. 
 
mass 
%C 
mass
%H 
mass
%N 
 
%SiO2 
Amount of 
alkoxy groups
/(SiOH+SiO–)a
C16TMA-Oct 39.3 8.4 2.4 49.8  
2(C12) 27.8 5.2 0.0 59.9 0.49 
2(C12) treated with dodecyl alcohol 40.6 7.2 0.0 48.1 1.04 
3(DMSO) 22.8 4.8 0.0 58.3  
3(acetone) 7.1 1.4 0.2 89.3  
a Evaluated by CHN analysis and thermogravimetry. 
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Table 3.2.  Relative Intensity in the 29Si MAS NMR Spectra for the Products 
 I Q2 Q3 Q4 (Q4–1)/Ic 
C16TMA-Oct - - 1.00 1.00  
2(C12)a 0.45 - 0.05 1.95 2.1 
3(DMSO)b - 0.44 0.08 1.93  
3(acetone)b - 0.07 0.47 1.91  
a Relative intensities of 2(C12) were normalized as a total Q3 and Q4 area to be 2.0 for 
the comparison with that of C16TMA-Oct.   
b Relative intensities of 3(DMSO) and 3(acetone) were normalized as a total spectral 
area to be 2.45 for the comparison with that of 2(C12). 
c (Q4-1) means new Q4 sites created by silylation. 
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Table 3.3.  Relative Intensity in the 29Si MAS NMR Spectra for 2(Cn) 
 
 I Q3 Q4 (Q4-1)/I 
2(C6) 0.40 0.14 1.86 2.1 
2(C8) 0.46 0.10 1.90 2.0 
2(C10) 0.45 0.06 1.94 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
 
Design of Silicate Nanostructures by 
Interlayer Alkoxysilylation of Layered 
Silicates (Magadiite and Kenyaite) and 
Subsequent Hydrolysis of Alkoxy Groups 
Chapter4 
 87
4.1 Introduction 
  Ordered nanostructured silicates, such as zeolites and layered silicates, have 
received broad interests in both basic chemistry and various applications including 
catalysis and adsorption.1,2 Their crystalline silica frameworks have mainly been 
synthesized hydrothermally.3–6 To design novel silica frameworks and nanospaces 
created by utilizing those networks, it is desirable to establish a versatile and 
soft-chemical methodology. 
  Much effort has been dedicated to increase the variety and availability of 
silica nanostructures. Aluminum-free layered silicates with two dimensional (2-D) 
structures are potential scaffolds for construction of nanostructured silicas because 
of their high crystallinity with expandable interlayer spaces. To create a three 
dimensional (3-D) silicate structure, transformation of layered silicates into zeolites 
has been achieved by a hydrothermal treatment.7–10 Unfortunately, this method 
provides silica structures which have a disadvantaged structural relationship between 
the layer motifs and the products. A topotactic conversion from layered silicates to 
3-D zeolitic structures having the complete structural relationship has recently been 
realized by careful calcination.11–18 However, this method basically imposes a 
limitation on the use of other layered silicate because of the difficulty in the 
connection of Si–OH groups between adjacent layers. Kosuge et al. and other 
researchers reported the pillaring of the interlayer spaces by condensation of silicic 
acids or other metal oxides in the presence of surfactants to form porosity.19–22 
However, the interlayer structures created by pillaring are amorphous due to the 
random condensation of various silica species. 
  We have exploited a novel approach toward construction of nanostructured 
silicas using silylation of layered silicates as a sort of “building-up” approach. 
Silylation of layered silicates can immobilize silyl groups on the interlayer surface as 
a monolayer.23–39 Rojo et al23 and us36 have reported that silylation of kanemite 
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(single-layered silicate) and magadiite (multi-layered silicate) with dichloro- or 
trichloro-organosilanes generated new siloxane networks by covalent bonding to the 
interlayer Si−OH groups. However, these silylated products are not suitable for the 
construction of novel silica nanostructures composed of SiO4 tetrahedra because 
Si−C bonds of silyl groups can not be cleaved under mild conditions. To construct 
such crystalline silica nanostructures, we have focused on the silylation of layered 
silicate using alkoxychlorosilanes ((RO)nSiCl4–n; R = alkyl, n = 1 or 2) as a silylating 
agent. The Si−Cl groups of alkoxychlorosilanes react with Si−OH groups on the 
interlayer surface due to the higher reactivity rather than with Si−OR groups, 
resulting in the immobilization of Si−OR groups on the interlayer surface. Then, 
Si−OR groups can be transformed into Si−OH groups by hydrolysis. We reported the 
formation of a crystalline silicate structure through the alkoxysilylation of layered 
octosilicate having a suitable silicate structure (stable structure, alignment of Si−OH 
groups) for regular grafting of silyl groups.34 More recently, we succeeded in 
manipulation of 2-D/3-D silica nanostructures by hydrolysis of alkoxy groups on 
alkoxysilylated layered octosilicate and subsequent condensation.39 The new 2-D 
silicate nanostructure was fabricated by hydrolysis with a mixture of 
dimethylsulfoxide (DMSO)/water, and the mixture suppresses the interlayer 
condensation due to the low volatility of interlayer DMSO. On the other hand, a 3-D 
silicate nanostructure, which was induced by the condensation of adjacent layers, 
was fabricated by hydrolysis with a mixture of acetone/water, although the formed 
3-D micropores derived from layered octosilicate are not stable if occluded acetone 
molecules are completely removed. However, in contrast to the above approaches, 
our new methodology can be extended to other layered silicates for designing new 
crystalline nanostructures.  
Herein, we report the synthesis of novel silica nanostructures by silylation of 
magadiite and kenyaite. For the precise control of the silica frameworks, the high 
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flexibility of single silicate layers of kanemite is disadvantageous. The silicate 
structures of magadiite and kenyaite having thicker silicate layers40–42 are stable for 
silylation. Although the crystal structures have not yet been determined,43–45 the 
crystalline nature has been characterized by various methods such as FTIR, 29Si NMR, 
and 1H NMR.46,47 In particular, the distance of neighboring Si−OH groups for magadiite 
was determined to be 0.25 nm46 which is appropriate for the controlled grafting of silyl 
groups by the reaction with two Si−Cl groups of one alkoxychlorosilane molecule. 
Moreover, the interlayer surface of magadiite has been expected to be uneven.47 The 
uneven structure will contribute to the formation of 3-D micropore after the 
condensation of Si−OH groups. Kenyaite has a thicker layer than magadiite, and the 
comparison between magadiite and kenyaite may contribute to the further understanding 
of the interlayer surfaces of these layered silicates as well as their reactivities. 
Consequently, these layered silicates should be appropriate for interlayer modification 
and subsequent transformation to crystalline 3D frameworks. This paper shows a 
significant step toward the precise design of new silica nanostructures with possible 
extension to various layered silicates. 
 
4.2 Experimental Section 
Synthesis of Na-magadiite, Na-kenyaite, and C16TMA-exchanged intermediates. 
Na-magadiite (Na-Mag; Na2Si14O29•nH2O) and Na-kenyaite (Na-Ken, 
Na2Si20O41•nH2O) were synthesized by the methods reported previously.48,49 For the 
magadiite synthesis SiO2 (special grade, Wako Chemicals), NaOH, and distilled 
water were mixed at a ratio of SiO2:NaOH:H2O = 1:0.23:18.5.The mixture was then 
treated at 150 °C for 2 days in a sealed Teflon vessel. The resulting suspension was 
filtered, the residue was washed with a dilute NaOH aqueous solution (pH = ~9), and 
the product was dried at 40 °C. For the kenyaite synthesis SiO2, NaOH, Na2CO3, and 
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distilled water were mixed at a ratio of SiO2:NaOH:Na2CO3:H2O = 30:1:2:600. The 
subsequent procedure was same as that for magadiite. 
Hexadecyltrimethylammonium–exchanged intermediates of the silicates were 
prepared by the ion exchange reaction of interlayer sodium cations with 
hexadecyltrimethylammonium ions.25 Na-Mag or Na-Ken (12 g) was dispersed in an 
aqueous solution of hexadecyltrimethylammonium chloride [C16H33N(CH3)3Cl, 
C16TMACl] (0.1 mol/L, 400 ml). The mixture was stirred at room temperature for 24 
h, and then centrifuged to remove the supernatants. This procedure was repeated 
three times for complete ion exchange. The resulting slurry was washed with water, 
and air-dried at room temperature. The products are denoted as C16TMA-Mag and 
C16TMA-Ken, respectively. 
Synthesis of Dodecoxytrichlorosilane. 
Dodecoxytrichlorosilane (C12H25OSiCl3) was synthesized by a method similar to that 
reported previously.25 n-Dodecylalcohol (C12H25OH, Tokyo Kasei Co.) was added 
dropwise to a vigorously stirred mixture of SiCl4 (Tokyo Kasei Co.) and hexane 
(SiCl4/C12OH = 1.3) under a N2 flow. The mixture was allowed to react at room 
temperature for 1 h, yielding a mixture of (C12O)mSiCl4−m (m = 0 ~ 4). 
Dodecoxytrichlorosilane (m = 1) was purified by distillation (0.1 Torr, b.p.; 
~110 °C). The 29Si NMR spectrum of the sample exhibited a single signal at –38.5 
ppm assignable to C12OSiCl3.50 In addition, the 13C NMR spectrum showed the 
signals assigned to dodecoxy groups, and the signal of α carbon (SiOC) appeared at 
66.6 ppm, being shifted from that of C12H25OH (62.5 ppm in CDCl3). 
Silylation. 
C16TMA-Mag or C16TMA-Ken (1.5 g) dispersed in dehydrated dichloromethane (30 
mL) containing dehydrated pyridine (4 mL) was mixed with an excess amount of (20 
mmol) of dodecoxytrichlorosilane. The mixture was stirred at room temperature for 
1 day under a N2 atmosphere. The solid sample was filtered and washed with 
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dichloromethane to remove unreacted silylating reagents, pyridine hydrochloride, 
and deintercalated C16TMACl. The resulting products were dried in vacuo to yield 
the silylated samples denoted as 1(Mag) or 1(Ken), respectively (Figure 4.1). 
Hydolysis of Alkoxy Groups. 
The silylated sample 1(Mag) or 1(Ken) (0.5 g) was added to a mixture of DMSO (40 
mL), H2O (10 ml), and pyridine (1.0 ml). After stirring for 1 day, the mixture was 
centrifuged, and the solid components were washed with a mixture of DMSO and 
water. The products after drying in vacuo for 2 h are designated as 2(Mag) and 
2(Ken) (Figure 4.1). To form a 3-D silicate framework, the silylated sample 1(Mag) 
or 1(Ken) was also hydrolyzed with a mixture of acetone and water by a procedure 
similar to that described above. The samples were denoted as 3(Mag) and 3(Ken), 
respectively.  
Analyses. 
Powder X-ray diffraction (XRD) measurements were performed on a Rigaku Rint 2000 
powder diffractometer with monochromated Cu Kα radiation (λ = 0.15405 nm). 
Thermogravimetry (TG) was carried out with a Rigaku Thermo Plus2 instrument under 
a dry air flow at a heating rate of 10 °C min–1, and the amounts of SiO2 fractions in the 
products were determined by the residual weight after heating to 900 °C. The amounts 
of organic constituents were determined by CHN analysis (Perkin-Elmer PE-2400). 
Solid-state 29Si MAS NMR spectra were recorded on a JEOL JNM-CMX-400 
spectrometer at a resonance frequency of 79.42 MHz. We confirmed that the signals 
were fully relaxed under a recycle delay of 600 sec with a 30° pulse for samples from 
magadiite and 18° pulse for samples from kenyaite so that quantitative analysis was 
possible. The samples were put into 7.5 mm (or 5 mm) zirconia rotors and spun at 5 
kHz. Solid-state 13C CP/MAS NMR spectra were recorded on the same spectrometer at 
a resonance frequency of 100.40 MHz and a recycle delay of 5 s. The 29Si and 13C 
chemical shifts were referenced to tetramethylsilane at 0 ppm. Argon adsorption 
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measurements were carried out on a Quantachrome Autosorb-1MP. Before the 
adsorption measurements, samples were outgassed at 200 °C for 3 h. The BET surface 
areas were calculated from the adsorption data in the relative pressure range around 0.1. 
Water vapor adsorption isotherms at 298 K were collected on a Belsorp 18 (Bel Japan, 
Inc.). Samples were outgassed at 120 °C for 3h prior to the measurements. The scanning 
electron microscopic (SEM) images were obtained with a JEOL JSM-5500LV 
microscope at an accelerating voltage of 25 kV. 
 
4.3 Results and Discussion 
Silylation of layered silicates. 
Dodecoxysilylated magadiite and kenyaite were obtained through the reaction of the 
hexadecyltrimethylammonium intermediates with dodecoxytrichlorosilane. The 
XRD patterns of Na-magadiite, C16TMA-Mag, and 1(Mag) are shown in Figure 
4.2a—c, respectively, and those of Na-kenyaite, C16TMA-Ken and 1(Ken) are 
shown in Figue 4.3a—c. The basal spacings of the silylated derivatives (1(Mag); 
d010 = 2.51 nm, 1(Ken); d010 = 3.06 nm) decrease from those of the 
C16TMA-intermediates. The absence of nitrogen in the silylated samples was 
confirmed, whereas the nitrogen contents due to C16TMA ions in the 
C16TMA-intermediates were 1.8 and 1.5 wt%, respectively (Table 4.1). These 
indicate the reactions of layered silicates with dodecoxytrichlorosilane through the 
complete removal of C16TMA ions. The several peaks at the high angle region of the 
silylated samples demonstrate the retention of the crystal structure after the silylation. 
The amounts of silyl groups were evaluated to be 0.5 per reactive sites (Si−OH or 
Si−O–) on the basis of the CHN and thermogravimetric data (Table 4.1), which is 
similar to the case of octosilicate. These values suggest the reaction of one silylating 
agents with two reactive sites as described below. 
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The information on the alkoxy groups was obtained by 13C CP/MAS NMR spectra 
(Figure 4.4a and 4.5a).The spectra of 1(Mag) and 1(Ken) show the signals assigned 
to dodecoxy groups. The signals at 65 ppm are assigned to the α carbon of dodecoxy 
group, revealing that the alkoxy groups are grafted onto the silica surfaces.51 The 
signals at 33 ppm indicate all-trans conformation of the interior methylene chains as 
found for alkoxysilylated octosilicate.39 The interlayer galleries (1.36 nm and 1.30 
nm), calculated from the subtraction of the layer thickness of the protonated layered 
silicates from the basal spacings of the samples, are also similar to that of the 
dodecoxysilylated octosilicate (1.31 nm), suggesting similar alignments of the 
interdigitated alkyl groups. The interlayer gallery of silylated products is known to 
be affected by the density of interlayer silyl groups.36 Based on the similar interlayer 
galleries, we can assume that the densities of silyl groups in the interlayer surfaces 
for magadiite and kenyaite are approximately equivalent to that of octosilicate. 
To confirm the controlled grafting of the Si species onto the interlayer surface, the 
29Si MAS NMR spectra of the silylated samples were measured. The spectra of 
C16TMA-Mag (Figure 4.6a) and C16TMA-Ken (Figure 4.7a) show several signals in 
the Q3 (Si(OSi)3(O–)) region at –100 ppm and the Q4 (Si(OSi)4) region from –109 to 
–117 ppm. The intensity ratio of these signals (Q4/Q3) is 3 for the C16TMA-Mag and 
5.25 for C16TMA-Ken, respectively (Table 4.2) and these values are almost same as 
those of Na-Mag and Na-Ken. The spectra of the silylated samples show new signals 
at around –84 ppm (Figure 4.6b and Figure 4.7b), and these signals can be ascribed 
to grafted alkoxysilyl groups (Si(OSi)2Cl(OR), designated as the I unit.39 The 
shoulder signal at –86 ppm for the 1(Mag) suggests the presence of the I unit with a 
different bonding state,39 but it is difficult to determine it precisely due to the 
unknown silicate structure. The relative intensities of the I unit for 1(Mag) and 
1(Ken) are 0.43 and 0.46 per one Si–OH (or –O−) group (Q3), respectively, which are 
in good agreement with the number of attached alkoxysilyl groups (ca. 0.50) per 
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Si–OH (or –O−) evaluated by TG and elemental analysis. The relative intensities of 
the Q3 signal of the silylated samples decreased below 0.1, indicating that more than 
90% of the reactive sites are silylated. In addition, the increases of the Q4 signal per 
the I signal ((Q4–1)/I) are 2.1 for 1(Mag) and 2.2 for 1(Ken), which are attributed to 
the reaction of one alkoxytrichlorosilane molecule with two silanols of the layered 
silicates. The bridging reaction of alkoxytrichlorosilanes onto the silicate layers 
should be strongly affected by the lateral location of reactive sites. The distance of 
the neighboring reactive sites (Si−OH or Si−O– groups) for magadiite has been 
determined to be 0.25 nm by the 1H MAS NMR,46 which is similar to that for 
octosilicate. Thus, it is supposed that magadiite has a suitable silicate structure for 
the bridging reaction by two Si−Cl groups of one alkoxytrichlorosilanes. 
Additionally, the distance of neighboring silanol groups of kenyaite is presumably 
similar to that of octosilicate because of the same behavior of the alkoxysilylation. 
Hydrolysis. 
The hydrolyzed products were obtained through the reaction of the silylated 
silicates with mixtures of a solvent and water. Here, the solvents are crucial to 
control the 2-D and 3-D nanostructures. To create 2-D silica nanostructures, DMSO 
was adopted as a solvent, because intercalated DMSO between hydrolyzed layers 
can suppress the condensation of adjacent layers due to its low volatility. The XRD 
patterns of 2(Mag) and 2(Ken) are shown in Figure 4.2d and 4.3d, respectively. The 
d010 values decrease to 2.14 and 2.74 nm for 2(Mag) and 2(Ken), respectively. Also, 
these patterns display different profiles in the higher angle region (2θ = 10—60°), 
revealing a high ordering of the silicate frameworks. The SEM images of layered 
silicates, the intermediates, the silylated samples, and the hydrolyzed samples (see 
Figure 4.8) reveal that the morphologies of layered silicates are preserved during the 
silylation and hydrolysis processes. The carbon contents in 2(Mag) and 2(Ken) are 
6.8 and 8.6 wt%, respectively, being smaller than those of the silylated products 
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(Table 4.1). The 13C CP/MAS NMR spectra (Figure 4.4b and 4.5b) reveal the 
appearance of the signal due to DMSO (40 ppm) with the substantial decrease in the 
signal due to the alkoxy groups (*), indicating the hydrolysis of the interlayer alkoxy 
groups. Typically, the spectrum of 2(Mag) shows a shoulder signal of DMSO at 43 
ppm that is presumably ascribed to keyed methyl groups in the siloxane rings,52 
suggesting that the silicate layer of 2(Mag) has an uneven surface. The uneven 
surface of magadiite has been supposed by IR and 1H NMR spectrum of 
magadiite.47,53 Figure 4.6c and 4.7c show the 29Si MAS NMR spectra of the 
hydrolyzed products. The signal corresponding to the SiCl(OR) groups (–84 ppm) 
was not observed in both of the spectra. The spectra of 2(Mag) and 2(Ken) show a 
new signal at –91 ppm attributed to the Q2 units possessing geminal silanol groups 
[(SiO)2Si(OH)2],39 and the intensity is approximately equal to that of the I unit in the 
silylated derivatives. These quantitative transformations from I to Q2 units indicate 
the creation of new 2-D silicate nanostructures without interlayer condensation. 
On the other hand, the formation of a 3-D silica nanostructure is expected by using 
acetone as a solvent. The XRD patterns of 3(Mag) and 3(Ken) show the d010 values 
of 1.56 and 2.16 nm, respectively (Figure 4.2e and 4.3e). The interlayer galleries of 
the samples were evaluated to be 0.40 and 0.51 nm, suggesting that the attached silyl 
groups were retained onto the layer surface. The carbon contents of the samples 
decreased from those of the silylated samples. The 13C CP/MAS NMR spectra of the 
samples also show the substantial decrease of the alkoxy groups. These data indicate 
that the alkoxy groups were almost hydrolyzed and removed during the reaction. 
Additionally, the spectrum of 3(Mag) shows the signals at 30 and 217 ppm 
corresponding to acetone molecules, although the spectrum of 3(Ken) shows no 
signals at these regions. The 29Si MAS NMR spectrum of 3(Mag) showed the 
reappearance of Q3 units at –101 ppm and unchanged retention of Q4 units at –110 
ppm. The newly formed Q3 site in 3(Mag) probably resulted from the hydrolysis of 
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the alkoxy groups in 2(Mag) and the subsequent condensation of the Si−OH groups 
between adjacent layers, because the Q3 site in 3(Mag) approximately equivalent to I 
unit in 1(Mag) was observed. On the other hand, the 29Si NMR spectrum of 3(Ken) 
showed the signals at –92 and –110 ppm corresponding to the Q2 and Q4 units. The 
signal of Q2 units is broader than that of 2(Ken), which may be due to the restriction 
of the attached Si species by the narrow interlayer gallery. The presence of Q2 unit 
with the intensity approximately equivalent to I unit in 2(Ken) reveals that the 
condensation of Si−OH groups between adjacent layers did not occur after the 
hydrolysis, resulting in the formation of a 2-D structure, although the 13C CP MAS 
spectrum of 3(Ken) shows the absence of acetone molecules within the interlayer 
spaces. The reason why interlayer condensation did not occur in this case can be 
explained as follows. The difference of the generated silicate nanostructures might 
be caused by the difference of the arrangement and/or alignment of Si−OH groups 
on kenyaite. Here, we can assume that the densities of Si−OH groups are similar 
among octosilicate, magadiite, and kenyaite, because the interlayer spaces of the 
silylated samples exhibited the same behavior (the degree of the increase in the 
interlayer gallery and conformation of alkoxy groups). Therefore, we consider that 
the arrangement and/or alignment of Si−OH groups on the layer surface of kenyaite 
are more complicated than those of other layered silicates. In fact, acid-treated 
H-kenyaite having interlayer silanol groups without condensation is known as a 
stable phase.54 The delamination of layers might also occur during the reaction in the 
case of 3(Ken), possibly resulting in the absence of condensation. However it is 
quite difficult to clarify these points. 
To evaporate acetone molecules in 3(Mag), the sample was dried under vacuum at 
200 °C. The XRD pattern of this sample shows a strong peak at the d value of 1.54 
nm with several peaks. The removal of acetone was confirmed by the 13C CP/MAS 
NMR spectrum of the sample. These data indicate that the ordered siloxane 
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frameworks are retained after the removal of acetone. When octosilicate was used, 
the silicate frameworks collapsed after the removal of occluded acetone. Different 
from the case of octosilicate, the retention of the ordered siloxane frameworks 
implies the presence of a large aperture in the 3-D siloxane frameworks. Figure 4.9a 
shows the argon adsorption isotherms of H-magadiite and 3(Mag). The shape of the 
isotherm for 3(Mag) corresponds to type I in IUPAC classification, being 
characteristic of a microporous material. The Brunauer–Emmett–Teller (BET) 
surface area and the pore volume of 3(Mag) were calculated to be 130 m2 g–1 and 
0.04 cm3 g–1, respectively. These values are lower than those of FER zeolites derived 
from topotactic conversion (~300 m2 g–1 and 0.13 cm3 g–1),11 possibly owing to the 
thicker silica walls and the residual alkoxy groups. The pore diameter calculated by 
the density functional theory was 5.2 Ǻ which is slightly larger than the interlayer 
gallery (~4 Ǻ). Here, we suppose that the accessible porosity was formed by the 
condensation of the adjacent layers composed from an uneven interlayer surface 
structure as suggested by the 13C CP/MAS NMR spectra of 2(Mag). The uneven 
interlayer surface structure is likely to enlarge the aperture of the 3-D silicate 
structure, consequently leading to the formation of microporous materials. Actually, 
some of layered silicates such as makatite55 and α-Na2Si2O556 are composed of 
uneven silicate structures. Moreover, the hydrophilicity of 3(Mag) was confirmed by 
the larger amount of water vapor as shown in Figure 4.9b. Generally, the 
hydrophilicity of zeolites was attributed to the amounts of OH groups on the pore 
surface. We consider that this method provides OH-rich surfaces because of the 
soft-chemical conditions. Interestingly, the above results demonstrate the siloxane 
networks of hydrolyzed products from octosilicate, magadiite, and kenyaite are 
different each other, suggesting the intrinsic structural differences in the original 
layered silicates. 
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4.4 Conclusion 
We have succeeded in synthesizing well designed silica nanostructures by interlayer 
alkoxysilylation of magadiite and kenyaite and the subsequent hydrolysis of the 
grafted groups. The layered silicates are silylated by alkoxytrichlorosilane in a 
well-regulated manner, resulting in the ordered grafting of alkoxychlorosilyl groups 
onto the interlayer surfaces. After the hydrolysis with a mixture of DMSO and water, 
the nanostructures derived from both magadiite and kenyaite are transformed into 
new layered silicates having interlayer geminal Si−OH groups. The different 
nanostructures are formed by the treatment with a mixture of acetone and water. The 
nanostructure derived from magadiite has a 3-D microporosity by the condensation 
of adjacent layers. On the other hand, the nanostructure from kenyaite retains the 
2-D structure without condensation. This difference is possibly attributed to the 
original layered silica structures. The interlayer surface structure of layered silicates 
is a crucial issue for the precise control of structures as well as properties. We have 
shown two examples of the formation of silicate nanostructures by the controlled 
silylation and the following hydrolysis. Various crystalline nanobuilding units other 
than layered silicates should also be utilizable for this technique, which will be 
useful for designing novel nanostructures composed of nanocrystalline units. 
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Chapter 5 
 
Microporous Inorganic-Organic Hybrids by 
Phenylene-Bridged Silylation of Layered 
Octosilicate.
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5.1 Introduction 
Microporous inorganic-organic hybrids with crystalline structures are of great 
importance as molecular sieves and catalysts.1—4) Many attempts have been devoted to 
constructions for development of these new hybrids. The microporous hybrids derived 
from supramolecular construction of metal coordination polymers are rendered by the 
spontaneous aggregation of building units.3) In contrast, the microporous hybrids by 
pillaring of layered inorganic materials with organic molecules provide unique 
nanoporous surfaces surrounded by inorganic and organic moieties.2) In general, the 
properties of inorganic-organic hybrids depend on their structures containing their 
interface. Thus, the precise design between inorganic and organic moieties is crucial for 
development of desired functions. 
Pillaring of layered materials with organic molecules through covalent bonds is a 
rational approach with specific tectonics. The size of the organic molecules affects the 
interlayer gallery height, and the mapping of reactive sites in the layered materials 
affects the lateral distance of immobilized organic moieties. Pillared layered metal 
phosphonates that are built of metal oxide layers connected by organo-bridged 
diphosphonates, provide a crystalline structure with microporosity. 2, 5, 6) However, the 
bonding mode of the organophosphorous coupling agent to the metal oxide surface is 
not easy to assess properly, whereas the several attempts such as FTIR, 31P, and 17O 
solid state NMR spectroscopies were proved7, 8). 
Two-dimensional (2-D) layered silicates are versatile scaffolds for 3-D silica 
structures due to a stable layered structure and accurate alignment of Si–OH/Si–O− 
groups on its surface.9) Various methodologies have been developed such as interlayer 
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polycondensation of monomeric species, but their products did not have 
crystallinity.10,11) Recently, we have reported new crystalline silica structures by 
controlled silylations of layered silicates using dialkoxydichlorosilanes or 
alkoxytrichlorosilanes.12,13) Layered octosilicate is a rational scaffold for silylation 
because its crystalline structure imposes a constrained geometry to produce a dipodal 
reaction (Figure 5.1) of one silylating agents with two confronting Si–OH/Si–O− groups. 
Moreover, microporous pillared layered silicates were formed by silylation of layered 
silicates with organo-briged silylating agents.14) Consequently, the new crystalline silica 
structures with microporosity were formed by the accurate immobilization onto the 
original silicate surface. Quite interestingly, the dipodal reaction makes functional 
groups as a residual site at the inorganic/organic interface. In particular, the residual 
groups are crucial for the affinity of interlayer nanospaces, which show different 
adsorption behaviour of polar molecules.15—17) 
The objective of this work is to develop new microporous inorganic-organic 
materials using the bridged silylation of octosilicate. Although, the biphenylene-bridged 
layered octosilicate was reported by Ishii et al,14) its structure exhibited low crystallinity 
due to the low reactivity of alkoxysilyl groups. In contrast, the silylation using Si–Cl 
groups exhibits a high reactivity to the Si–OH groups, reflecting the original silicate 
structure in the silylated samples. Furthermore, we also focus on the dipodal reaction 
which makes it possible to remain one site of the silylating agent. The remaining site is 
established by the design of the silylating agents, and may develop multifunctional 
zeolitic structures. 
 
5.2 Experimental Section 
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Materials 
All synthetic reactions of silylating agents were carried out under N2 using a vacuum 
line and Schlenk technique. Solvents were dried and distilled just before use. 
Compound 1,4-bis(trichlorosilyl)benzene (1) was synthesized by the reaction of the 
Grignard reagent of 1,4-dibromobenzene (Tokyo Kasei Co.) with tetrachlorosilane 
(Tokyo Kasei Co.).  A mixture of 1,4-dibromobenzene and magnesium chips in dry 
THF with a molar ratio of Mg/1,4-dibromobenzene = 2 was heated at 70 °C during 24 h.  
The white suspension was added to an excess solution of tetrachlorosilane in THF at 
−10 °C.  Then the suspension was stirred 24 h at room temperature.  After the 
filtration of the suspension, the filtrate was evaporated under vacuum and the crude oil 
was doubly distilled under vacuum (b. p. 80 °C, 10-1 Torr) to afford 
1,4-bis(trichlorosilyl)benzene as a clear solid: 1H-NMR (500 MHz, CDCl3, δ ppm): 
7.91; 13C-NMR (125.7 MHz, CDCl3, δ ppm): 132.85, 136.22; 29Si-NMR (99.3 MHz, 
CDCl3, δ ppm): −1.71. 
1,4-Bis(dichloromethylsilyl)benzene (2) was prepared by following the same 
reaction starting from 1,4-dibromobenzene and trichloromethylsilane(Tokyo Kasei Co.).  
After a usual workup, the compound was obtained by vacuum distillation (b. p. 60 °C, 
10−1 Torr) as a clear solution: 1H-NMR (500 MHz, CDCl3, δ ppm): 13C-NMR (125.7 
MHz, CDCl3, δ ppm): 29Si-NMR (99.3 MHz, CDCl3, δ ppm): . 
Na-octosilicate (Na-Oct; Na8[Si32O64(OH)8·32H2O])was prepared according to the 
literature18). SiO2 (special grade, Wako Chemicals), NaOH, and distilled water were 
mixed at a ratio of SiO2:Na2O:H2O = 4:1:25.8. The mixture was treated at 100 °C for 4 
weeks in a sealed Teflon vessel. Hexadecyltrimethylammonium-octosilicate 
(C16TMA-Oct), prepared by the ion exchange reaction of Na-Oct with 
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hexadecyltrimethylammonium chloride [C16H33N(CH3)3Cl, C16TMACl] (Tokyo Kasei 
Co.)13), was used as an intermediate. Na-Oct (12 g) was dispersed in an aqueous 
solution of C16TMACl (0.1 mol/L, 400 ml). The mixture was stirred at room 
temperature for 24 h, and then centrifuged to remove the supernatant. This procedure 
was repeated three times. The resulting slurry was washed with water, and air-dried at 
room temperature. 
Silylation 
Silylation of layered octosilicate was performed according to the literature 13). 
C16TMA-Oct (1.5 g) dispersed in dehydrated dichloromethane (30 mL) and dehydrated 
pyridine (10 mL) was mixed with a varying amount of the silylating agents. The 
mixture was stirred at room temperature for 1 day under N2 atmosphere. The solid 
products were filtered and washed with dichloromethane to remove unreacted silylating 
reagents, pyridine hydrochloride, and deintercalated C16TMACl. The resulting products 
were dried in vacuo to yield 1a and 2a, (Figure 5.2). Then the samples were washed 
with 1M HCl aqueous solution for the removal of remained Si–Cl groups and C16TMA 
cations, and were dried under vacuum. 
Adsorption of phenol 
Adsorption of phenol from an aqueous solution was conducted according to the 
literature.19) The silylated sample (20 mg) was dispersed in the aqueous phenol solution 
of 30 ml for 1 day under 25 °C. After the suspension was centrifuged, the resultant 
supernatant was measured by UV adsorption spectroscopy (adsorption λmax = 269 nm) 
to determinate the concentration of phenol. The adsorption amount of phenol was 
calculated by the difference of concentration from the original solution to the resultant.  
Analyses 
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Powder X-ray diffraction (XRD) measurements were performed on a Rigaku 
Rint2000 powder diffractometer with monochromated Cu Kα radiation (λ = 0.15405 
nm). Thermogravimetry (TG) was carried out with a Rigaku Thermo Plus2 instrument 
under a dry air flow at a heating rate of 10 °C min–1, and the amounts of SiO2 fractions 
in the products were determined by the residual weight after heating to 900 °C. The 
amounts of organic constituents were determined by CHN analysis (Perkin-Elmer 
PE-2400). Solid-state 29Si MAS NMR spectra were recorded on a JEOL 
JNM-CMX-400 spectrometer at a resonance frequency of 79.42 MHz. We confirmed 
that the signals were fully relaxed under a recycle delay of 400 sec with a 45° pulse so 
that quantitative analysis was possible. The samples were put into 7.5 mm (or 5 mm) 
zirconia rotors and spun at 5 kHz. Solid-state 13C CP/MAS NMR spectra were recorded 
on the same spectrometer at a resonance frequency of 100.40 MHz and a recycle delay 
of 5 s. The 29Si and 13C chemical shifts were referenced to tetramethylsilane at 0 ppm. 
Nitrogen adsorption measurements were carried out on a Quantachrome Autosorb-1MP. 
Before the adsorption measurements, samples were outgassed at 120 °C for 3 h. The 
BET surface areas were calculated from the adsorption data in the relative pressure 
range around 0.1. The microporous pore volume was calculated by t-plot method. Water 
vapor adsorption isotherms at 298 K were collected on a Belsorp 18 (Bel Japan, Inc.). 
Samples were outgassed at 120 °C for 3h prior to the measurements. The scanning 
electron microscopic (SEM) images were obtained with a JEOL JSM-5500LV 
microscope at an accelerating voltage of 25 kV. The UV adsorption was carried out on 
Shimadzu UV-2500PC. The structurally optimized calculation was performed with an 
Accelrys Discover software by using the COMPASS force field. The void occupancies 
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of the optimized structures were calculated using a Material Studio software by 
packaging balls of 4 Ǻ. 
 
5.3 Results and Discussion 
Synthesis of silylated derivatives 
The XRD patterns of the intermediate and the silylated samples are shown in Figure 5.3. 
The silylated samples of 1a and 2a showed new peaks with repeat distance of 1.35, and 
1.56 nm, respectively. The thicknesses of interior portion were estimated to be 0.61, and 
0.82 nm for 1b, and 2b, from the d-spacing of protonated octosilicate (0.74 nm). The 
interior thicknesses were slightly lower than the molecular length of silylating agents 
(0.86 nm), suggesting that the 1,4-disilylphenyl groups obliquely bridged adjacent 
layers to form pillared structures. The complete removal of C16TMA cation was 
confirmed by the absence of nitrogen content in the silylated derivatives (Table 5.1). 
The remained carbon portions in the silylated derivatives correspond to phenylene 
groups revealed by 13C CP/MAS NMR (not shown). These data demonstrate the 
attachments of silyl groups onto the interlayer surface. The attached phenylene groups 
in the 1b, and 2b were estimated to be 0.25 per Si–OH/Si–O− unit by the chemical 
components. These values are half of the alkoxysilylated products, implying that both 
silyl groups react with Si–OH/Si–O− unit on the interlayer surface. In the higher 
diffraction angle of the silylated derivatives, many peaks attributed to the crystallinity of 
the silicate structures are observed. All the diffraction peaks in the silylated derivatives 
are easily assigned to a tetragonal cell I41/amd (a = 7.45, c = 54.5 Ǻ for 1b; a = 7.44, c 
= 63.5 Ǻ for 2b) or a monoclinic cell C2/c (a = b = 10.54, c = 28.0 Ǻ, β= 100 ° for 1b; a 
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= b = 10.54, c = 32.0 Ǻ, β= 100 ° for 2b). All of the (00l) reflections were broadened or 
disappeared, suggesting that the atomic arrangement within the silicate layers is well 
ordered but the stacking of the layers along c is less ordered. This less-ordered stacking 
was also observed at the topotactic conversion of octosilicate. In addition, the peaks at 
around 49° which were assigned to the intralayer ordering ((400) for I41/amd or (440) 
for C2/c), also indicated well ordered structures within the silicate layer. The silylated 
samples show unchanged morphologies from the intermediate (not shown). 
The 29Si MAS NMR spectra of the products are shown in Figure 5.4 and the 
relative intensities of each signal are shown in Table 5.2 and 5.3. The spectrum of 
octosilicate shows two signals at −100 and −110 ppm, corresponding to Q3 and Q4 site, 
respectively, whose intensity ratio (Q3/Q4) is 1. The spectrum of the sample before the 
treatment with a mixture of acetone/HCl aq. (1a) shows a new signal at −65 ppm, which 
can be ascribed to the dipodal grafted silyl groups (Si(OSi)2ClR) owing to the downfield 
shift of  compared to the T2 site (Si(OSi)2OHR) of phenyl silylated samples (typically 
appear at −75 ppm20). In particular, the dipodal grafted signal was shifted to the T2 site 
after the acid treatment (Figure 5.4(c)). A signal at −10 ppm is also observed in the 
spectrum of 1a, indicating the presence of unreacted silyl groups (RSiCl3), although the 
relative intensity is very small (~10%) compared to the dipodal grafted groups. The 
unreacted silyl groups can be assigned to the opposite silyl groups to grafted silyl 
groups in one silylating molecule, because unreacted silylating molecules should be 
completely removed during the washing process. The spectrum of 2a shows two signals 
due to the silyl groups corresponding to D2 (18 ppm) and unreacted silyl groups (-27 
ppm). The intensities attributed to the silylated groups are estimated to be 0.5 per one 
Si–OH (or Si–O−) groups of octosilicate. This value is approximately twice that of 
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phenylene groups (0.25), which is in good agreement with the number of the attached 
silyl groups per one Si–OH (or Si–O−) evaluated by the TG and elemental analysis. The 
relative intensity of the Q3 signal of octosilicate C16TMA-Oct decreased to ca. 0.1 after 
silylation, indicating that the 90% of reactive sites are reacted. The dipodal grafting of 
silyl groups onto layered octosilicate are confirmed by the value of 2.1 in the ratio of 
increment of Q4 signals against the appearance of silylated sites (Si(OSi)2ClR and 
Si(OSi)2R2). After the treatment with a mixture of acetone/HCl aq., the spectra of 
silylated samples show the new signals due to T1 (Si(OSi)OH2R, −60 ppm) 
T2,(Si(OSi)2OHR, −67 ppm) and T3 site (Si(OSi)3R, −76 ppm) for 1b, and D1 
(Si(OSi)OHR2, −17 ppm) for 2b. The new T1 and D1site were presumably generated by 
the hydrolysis and condensation of the unreacted silyl groups, because the intensities of 
these sites were comparable to that of the unreacted site (SiCl3R or SiCl2R2) in 1a and 
2a. Likewise the new T3 site was induced by the condensation of Si(OSi)2ClR site with 
unreacted silyl groups. The total relative intensities of these signals are approximately 
equal to that of the silyl groups in 1a.  
Microporosity of the silylated samples. 
The silylated samples 1b and 2b showed clear Type I adsorption/desorption 
isotherms (Figure 5.5), characteristic of microporous materials, with BET surface areas 
of 520 and 470 m2/g, respectively (Table 5.4). These values are similar to the 
biphenylene pillared octosilicate (616 m2/g).14) The microporosities of 1b and 2b are 
probably formed by bridging the silicate layers pillars due to the presence of enough 
distances between the pillars, although it was assumed that the microporosity of 
biphenylene pillared octosilicate was formed from the extraction of n-hexylamine as an 
intermediate. This difference might occur by the reactivities of the silylating agents. 
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Reaction of the Si–Cl groups with Si–OH groups induces the removal of surfactants due 
to the generation of HCl as by-product, although that of Si–OR groups does not remove 
the surfactant. Therefore, the formation of microporosity is different from that of the 
biphenylene pillared octosilicate. The pore distributions curves (obtained by the 
Horvath-Kawazoe method) of these samples showed the presence of micropores with 
diameters centred at ca. 5 Ǻ (Figure 5.5). These diameters were comparable to the 
distance between the phenylene groups, which demonstrates that each microporous 
channel was surrounded by the silicate layers and phenylene pillars.  
To estimate hydrophilicity of the microporous surface, the water adsorption 
isotherms of two silylated samples are shown in Figure 5.6. The isotherm of 1b exhibits 
a larger adsorbed amount of water than that of 2b, which reveals that the hydrophilic 
pore surface exists in the 1b. It is well-known that the hydrophilic surface was attributed 
to the amounts of Si–OH groups. Actually, the amount of Si−OH groups in the 1b is 
much larger than that in the 2b by the unreacted groups of the dipodal reaction.  
The phenol adsorbed isotherms of the silylated samples from aqueous solution 
exhibited L type adsorption (Figure 5.7). The maximum amounts of phenol in the 
samples 1b and 2b were estimated to be 0.165 and 0.857 mmol/g, respectively (Table 
5.4). The adsorbed amount of 2b is larger or similar to other organically modified clay 
materials, indicating that the phenylene pillared octosilicate acts as the effective 
adsorbate of phenol. It is known that layered silicates silylated by alkyltrichlorosilanes 
adsorbed n-alcohols in the interlayer space rather than the products silylated by 
alkyldimethylchlorosilanes due to the hydrogen-bonding of OH groups between 
alcohols and Si–OH groups. In contrast, the phenylene pillared octosilicates showed an 
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opposite behaviour to the alkylsilylated layered silicates, possibly due to the difference 
of the adsorption mechanism.  
Hypothetical structure of the silylated samples. 
We proposed the hypothetical structures of silylated samples using the above data. 
The crystal system (space group) presents two possibilities of a tetragonal cell (I41/amd) 
or monoclinic cell (C2/c). However, the structure with the tetragonal cell is impossible 
to construct because of high symmetry. Thus, the structures were assumed to be the 
monoclinic cell. Actually, the appearance of peaks at 36 ° corresponding to (330) 
reflection strongly suggests the monoclinic cell because (300) reflection in the I41/amd 
symmetry was not observed. On the basis of the 29Si MAS NMR spectra, two different 
structures for the attached silyl groups can be proposed based on the crystal structure of 
octosilicate. One model shows that an bis(trichlorosilyl)benzene molecule 
perpendicularly bridges between adjacent layers, resulting in pillaring of interlayer 
space. The other model involved in the parallel arrangement of phenylene groups by the 
reaction within intralayer surface. However, we can estimate the model of the interlayer 
pillaring because the dipodal reaction of silyl groups leads to perpendicular alignments 
of the phenylene groups owing to tetrahedral coordination of Si species. The 
hypothetical structures simulated with Discover software, are shown in Figure 5.8. The 
pores are surrounded by the phenylene groups and silicate layers with the functional 
groups which derived from the unreacted sites. The pore volumes of these structures 
calculated by Material Studio software are estimated to be 0.21 and 0.26 cm3/g for 1(b) 
and 2(b), respectively. These values are in good agreements with the actual values from 
N2 adsorptions (0.24 and 0.27 cm3/g for 1(b) and 2(b), respectively), increasing the 
confidence in the accuracy of these models. 
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On the other hand, the basal-spacings differed between 1(b) and 2(b) (∆d = 0.23 
nm). According to the previous reports, the basal spacings of silylated derivatives are 
corresponded to the amounts of the silylation. However, the silylation amounts of both 
silylated samples are almost equivalent, thus the difference are presumably caused by 
the alignment of the phenylene groups. Moreover, the alignments of the phenylene 
groups were probably changed by the difference of the numbers of Si–Cl groups in one 
silyl groups. The dipodal grafting was synthesized by two consecutive reactions but not 
by simultaneous reaction, which are proved by the monopodal grafting of 
trichlorosilanes with short-alkyl chain. Thus, firstly one of Si–Cl groups in one silyl 
group reacts with one Si–OH site, and subsequently another Si–Cl group in the silyl 
group reacts with the other confronting Si–OH site. Here, large difference occurs 
between the trichlorosilyl and dichlorosilyl groups because of the selectivity of reactive 
site. In other words, the dichlorosilyl groups can not select the alignment of phenylene 
groups, whereas the trichlorosilyl groups maybe enable to select the alignment of 
phenylene groups. Therefore, the sample silylated with trichlorosilanes is expected to 
form the small basal spacing to gain a stability. 
 
5.4 Conclusion 
The microporous inorganic-organic materials with crystalline structures were 
prepared by the phenylene pillaring of interlayer space. The 
1,4-bis(trichlorosilyl)benzene or 1,4-bis(dichloromethylsilyl)benzene was pillared 
between interlayer surfaces in a controlled manner. The dipodal reaction of the silyl 
groups onto layered octosilicate provided the unreacted site in the silylating agents. The 
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unreacted sites largely affected microporous surface properties. The microporous 
inorganic-organic materials can be easily controlled by the design of the silylating 
agents. In addition, extension of this method toward other layered silicates such as 
magadiite and kenyaite is promising.21) Moreover the phenylene groups can be modified 
with sulfonic acid and bromination, indicating the formation of bifunctional 
microporous nanohybrids. 
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Novel crystalline silicate structures were prepared by the integration of layered 
silicates with silylating agents. The regular grafting of the silylating agents onto layered 
silicates allows the molecular manipulation of silicate structures. 
Dialkoxysilylated derivatives of octosilicate were prepared by the reaction of 
dodecyltrimethylammonium-octosilicate (DTMA-Oct) with dialkoxydichlorosilanes 
((CnO)2SiCl2; n = 4, 6, 8, 10, 12). The XRD patterns of dialkoxysilylated samples 
exhibited different profiles from those of octosilicate and DTMA-Oct, and the basal 
spacings varied with the length of alkyl chains. The bonding of the dialkoxysilyl groups 
with the silicate layers was revealed by 13C CP/MAS NMR and 29Si MAS NMR spectra.  
Dialkoxysilyl groups were grafted in a controlled manner, forming new five-membered 
rings. These products are structurally unique and potentially applicable as precursors for 
silica-based nanomaterials by hydrolysis and condensation of the interlayer 
dialkoxysilyl groups.  
A novel methodology for constructing molecularly ordered silica nanostructures 
with two-dimensional (2-D) and three-dimensional (3-D) networks has been developed 
by using a stepwise process involving silylation of a layered silicate octosilicate with 
alkoxytrichlosilanes [ROSiCl3, R = alkyl] and subsequent reaction within the interlayer 
spaces.  Alkoxytrichlorosilanes react almost completely with octosilicate, bridging two 
closest Si–OH (or –O−) sites on the silicate layers, to form new five membered rings.  
The unreacted functional groups, Si–Cl and Si–OR, are readily hydrolyzed by the 
post-treatment with a water/dimethylsulfoxide (DMSO) or water/acetone mixture, 
leading to the formation of two types of silicate structures.  The treatment with a 
water/DMSO mixture produced a unique crystalline 2-D silicate framework with 
geminal silanol groups, whereas a water/acetone mixture induced hydrolysis and 
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subsequent condensation between adjacent layers to form a new 3-D silicate framework.  
The 2-D structure is retained by the presence of DMSO molecules within the swelled 
interlayer spaces, and is transformed to a 3-D silicate upon desorption of DMSO.  The 
structural modeling suggests that both of the 3-D silicates contain new cage-like 
frameworks where solvent molecules are trapped even at high temperature.  Both 2-D 
and 3-D silica structures are quite different from known layered silicates and zeolite-like 
materials, indicating the potential of the present approach for precise design of various 
silicate structures at the molecular level. 
Silica nanostructures are sophisticatedly designed by interlayer alkoxysilylation 
of layered silicates (magadiite and kenyaite) with alkoxytrichlorosilanes and the 
subsequent hydrolysis of alkoxy groups. The dichlorosilyl groups of 
alkoxytrichlorosilanes ((RO)ClSiCl2) were reacted onto two neighboring Si−OH groups 
on the surface of the layered silicates to form a bridge, leaving two functional (Si−OR 
and Si−Cl) groups on the bridge. The remaining bifunctional groups were almost 
completely hydrolyzed to transform into Si−OH groups. The hydrolyzed product 
derived from magadiite has a new 3-D silicate structure by condensation of interlayer 
silanol groups or a new 2-D silicate structure by remaining geminal Si−OH groups 
immobilized on the both sides of silicate layers, which depends on the solvent for 
hydrolysis. The 3-D silicate structure exhibits microporosity (130 m2 g–1) and a 
hydrophilic behavior. On the other hand, the hydrolyzed product from kenyaite takes 
only a 2-D silicate structure, even when the solvents for hydrolysis were completely 
evaporated. 
Microporous inorganic-organic hybrids with crystalline structures were prepared 
by the regular pillaring of interlayer nanospace. The dichlorosilyl groups were reacted 
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with neighboring Si–OH groups on silicate surface. The functional groups originated 
from the silylating molecules changed the structures and the microporous properties. 
The methyl groups on microporous surfaces provided the hydrophobic nature and 
adsorption of phenol from dilute aqueous solution.  
Rational design of silicate structures were accomplished by the controlled 
modification of layered silicates. This methodology opens a possibility for tailor-made 
synthesis of inorganic materials. Future works will be focused on the extension to other 
layered silicates, other crystalline silicate materials, other metal oxides to create an 
artificial materials. 
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